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The  Twelfth  American  Peptide  Symposium  was  held  on  the  campus  of  the 
Massachusetts  Institute  of  Technology  in  historic  Cambridge  on  June  16-21, 
1991.  This  Symposium  is  the  first  to  be  held  under  the  auspices  of  the  American 
Peptide  Society,  Inc.,  which  was  founded  in  April  1990.  More  than  1300 
participants  from  around  the  world  attended  the  diverse  scientific  program 
comprised  of  plenary  lectures,  poster  presentations  and  exhibits.  In  addition 
to  enthusiastic  participation  by  researchers  who  routinely  attend  American 
Peptide  Symposia,  it  was  gratifying  to  see  how  many  scientists  joined  us  for 
the  first  time.  Peptide  chemistry  and  biology  are  clearly  thriving,  yet  remain 
as  undiminished  challenges.  Of  the  65  plenary  lectures  and  584  poster  displays, 
the  Program  Committee  selected  363  articles  for  publication.  All  these  manuscripts 
were  selected  on  the  basis  of  originality,  timeliness,  and  scientific  significance. 

As  with  past  symposia,  the  Twelfth  Symposium  attracted  a  diverse  group 
of  peptide  chemists  and  biologists.  What  a  pleasure  to  see  the  convergence  of 
scientists  who  synthesize  peptides,  elucidate  structural  aspects,  and  fathom  the 
biochemical,  pharmacological  and  physiological  aspects  of  the  peptide  truss  of 
the  peptide-protein  bridge.  The  assembled  scientific  expertise  provided  an 
electrifying  atmosphere  for  discussion  and  information  exchange. 

From  the  first  and  second  sessions  on  peptide  hormones  and  neuropeptides, 
one  can  gain  an  appreciation  of  the  role  to  be  fulfilled  by  peptide  hormone 
analogs  in  medicine.  There  does  not  seem  to  be  a  single  bioactive  peptide  family 
for  which  a  therapeutic  role  is  not  envisioned  at  this  time.  Most  interesting 
is  the  fact  that  short  analogs  as  well  as  cyclic  analogs,  with  structures  that  are 
often  quite  dissimilar  from  that  of  the  parent  native  hormone,  are  being  considered 
as  potential  drugs.  Increased  potency  and  duration  of  action  generally  result 
from  these  structural  modifications. 

In  the  third  session,  emphasis  is  put  on  one’s  recognition  of  the  ever-growing 
role  of  lipid  membranes  in  modulating  biological  expression.  As  mentioned  earlier, 
refinement  of  one's  understanding  of  the  bioactive  conformation  of  a  peptide 
is  paramount  for  allowing  rational  design.  Only  sophisticated  techniques  such 
as  NMR  in  different  solvent  systems,  coupled  to  molecular  modeling  in  different 
environments,  and  X-ray  crystallography  will  yield  the  information  needed  to 
gain  an  appreciation  of  the  bioactive  conformation  of  a  peptide.  These  issues 
are  thoroughly  addressed,  resulting  in  considerable  breakthroughs. 

One’s  imagination  finds  no  boundary  in  session  V,  where  model  proteins  based 
on  structural  considerations  alone  are  found  to  exhibit  desired  biological  activities. 

In  session  VI  on  SAR,  one  breathes  optimism  as  a  tremendous  amount  of 
synthetic  data  conveys  the  message  that  peptide  synthesis  is  no  longer  the  hurdle 
it  used  to  be,  and  that  optimization  of  structure  and  composition  still  leaves 
room  for  creative  thinking  and  synthetic  ingenuity. 
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Session  VII  on  synthetic  methods  is  prolific  suggesting  that  the  field  is  more 
healthy  than  ever  and  that  significant  contributions  can  still  be  made  in  a  discipline 
long  regarded  as  of  little  interest  by  organic  chemists.  Isn’t  it  interesting  that 
peptide  mixtures  long  considered  as  a  curse  when  generated  chemically  are  now 
synthesized  de  novo  on  beads,  or  on  phages,  and  are  called  libraries  with  multiple 
uses. 

For  the  first  time,  more  than  lip  service  was  given  to  large  scale  synthesis 
of  peptides.  What  is  most  rewarding  is  to  realize  that  there  seems  to  be  no 
technical  limit  to  one’s  ability  to  scale  up  solid  phase  synthesis  or  RPHPLC 
for  that  matter.  Several  examples  are  given  of  relatively  small  as  well  as  large 
peptides  synthesized  and  purified  in  this  manner. 

Session  IX  on  viruses  and  vaccines  demonstrates  the  increasing  reliance  that 
immunologists  and  virologists  place  on  peptides  as  reagents.  Mapping  T-  and 
B-cell  antigenic  sites  with  peptides  s  now  de  rigueur  for  vaccine  development. 
The  strategies  of  synthesis  and  inhibition  of  HIV  protease  clearly  demonstrate 
the  role  of  peptide  chemistry  in  the  design  of  future  antiviral  therapeutic  agents. 
It  is  also  clear  that  an  expanded  use  of  peptides  by  biologists  will  be  required 
to  understand  the  peptide-nucleic  acid  interactions  that  underlie  transcriptional 
activation. 

Sections  X  and  XI  show  vividly  how  medicinal  chemists  are  focusing  their 
art  and  imagination  on  the  design  of  conformationallv  constrained  antagonists, 
novel  biological  active  mimics,  and  specific  inhibitors  of  pivotal  enzyme  systems. 

Session  XII  deals  with  peptides  as  signals  between  the  immune  and  endocrine 
systems,  the  sequence  motifs  of  peptides  binding  to  MHC  molecules,  peptide 
blockade  of  immune  recognition,  and  novel  designs  for  peptide-based  vaccines. 

Session  XIII  on  new  biologically  active  peptides  clearly  demonstrates  the  power 
of  peptide  chemistry  to  prepare  pure,  complex  peptides  in  amounts  that  allow 
detailed  biological,  pharmacological,  and  structural  studies  to  be  completed. 
A  host  of  biomolecules  including  potent  anticoagulants,  antimicrobials,  inter¬ 
leukins,  and  fibrinogen  receptor  antagonists  are  discussed. 

MIT  proved  to  be  a  fantastic  meeting  site.  We  are  grateful  to  Professor  Mark 
A.  Wrighton,  Professor  of  Chemistry  and  Provost  of  MIT.  whose  gracious  support 
made  it  possible  for  a  Harvardian  to  hold  a  meeting  on  foreign  soil.  The  facilities 
and  management  by  MIT  Conference  Services  were  truly  outstanding.  Even  we 
were  surprised  that  there  were  no  lines  at  breakfast  on  Monday  morning!  Gayle 
M.  Fitzgerald.  Manager  of  MIT  Conference  Services  and  her  wonderful  staff 
deserve  our  heartfelt  thanks  and  most  sincere  gratitude  for  an  incredible  job 
of  triaging  and  organizing. 

Special  thanks  go  to  Eric  Shulman,  Geraldine  M.  Boyce.  Patricia  A.  Zemaitis. 
and  Patricia  Estev-Wickens  for  their  dedication  and  patience  during  the  planning 
and  organization  of  this  meeting.  They  have  contributed  immensely  to  solving 
the  logistical  problems,  organizing  the  daily  correspondence,  and  coordinating 
all  aspects  of  the  symposium  at  its  various  stages.  Mrs.  Beverly  Grodzinski. 
Senior  Programmer  Analyst  at  Merck  &  Co.,  Inc.,  was  crucial  for  the  development 
and  refinement  of  the  symposium  database  required  to  correspond  with  hundreds 
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of  people,  keep  track  of  adjudicated  abstracts,  and  organize  the  printed  materials 
of  the  symposium.  Her  skills  as  a  programmer  and  analyst  made  it  possible 
to  access  abstract  records  and  participant  data  quickly  and  to  print  the  symposium 
program  book  in  a  facile  manner.  Betsy  Chimento.  MIT  Design  Services,  did 
a  wonderful  job  on  designing  the  logo  and  contributing  her  artistic  talent  to 
the  preparation  of  the  various  symposium  announcements  and  printed  materials. 
We  also  wish  to  thank  Dr.  Carl  Hoeger  for  his  assistance  in  identifying  and 
defining  the  abbreviations. 

We  are  especially  grateful  to  the  generous  support  by  the  Sponsors.  Donors, 
and  Contributors.  Such  support  is  critical  to  the  quality  and  success  of  past, 
present,  and  future  American  Peptide  Symposia.  We  wish  to  express  our  special 
thanks  to  Dr.  Alan  E.  Pierce  and  the  Pierce  Chemical  Company  for  providing 
the  funds  for  the  Alan  E.  Pierce  Award  and  for  partial  support  of  the  Awards 
Banquet.  It  was  a  real  delight  to  have  Dr.  and  Mrs.  Pierce  and  their  children 
at  the  Awards  Banquet. 

This  year's  Alan  E.  Pierce  Award  recipient.  Dr.  Daniel  F.  Veber,  who  was 
recognized  for  his  outstanding  contributions  to  the  chemistry  and  biology  of 
peptides  and  proteins,  especially  the  use  of  conformational  constraints  to  elucidate 
bioactive  conformation  and  improve  biological  activity,  exemplifies  the  scientific 
and  personal  qualities  that  hallmark  the  other  seven  awardees.  His  memorable 
lecture  was  a  fascinating  expose  of  the  role  of  design  and  discovery  in  the 
development  of  bioactive  peptide  analogs. 

What  better  way  to  support  and  maintain  the  vitality  of  peptide  chemistry 
and  biology  than  to  support  its  young  scientists.  Applied  Biosystems  and  Millipore 
Corp.  have  led  the  way  by  generously  supporting  the  19  American  Peptide  Society 
Travel  Grants  to  young  investigators.  Bravo!  We  also  heartily  commend  Ruth 
F.  Nutt  and  members  of  the  Travel  Awards  Committee  for  carefully  evaluating 
the  numerous  applications  and  fairly  distributing  the  available  travel  funds. 

We  also  congratulate  the  Student  Affairs  Committee  of  the  American  Peptide 
Society  who  conceived  of  the  Job  Fair  and  the  Student  Poster  Competition 
-  activities  which  facilitate  the  career  development  of  young  peptide  scientists 
and  reward  their  individual  and  collective  achievement. 

We  wish  to  express  our  sincere  thanks  to  Advanced  ChemTech  for  providing 
the  ballpoint  pens  and  notepads,  as  well  as  paper  materials  used  during  the 
coffee  breaks.  Sigma  Chemical  Co.  for  providing  the  symposium  briefcases,  and 
the  Department  of  Molecular  Biology.  Massachusetts  General  Hospital,  and 
Immunology  and  Inflammation.  Merck  Sharp  &  Dohme  Research  Laboratories 
for  providing  major  administrative  assistance  and  computer  facilities. 

The  Chairman  also  wishes  to  acknowledge  Dorinda.  his  wife,  whose  support 
and  encouragement  during  a  challenging  administrative  year  was  both  necessary 
and  sufficient. 


John  A.  Smith 
Jean  E.  Rivier 
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Abbreviations 

Abbreviations  used  in  the  proceedings  volume  are  defined  below: 


All 

see  Ang  II 

A  A.  aa 

amino  acids 

AAA 

amino  acid  analysis 

Aab 

3-aminomethyl-4-ammo- 
butanoic  acid 

Ab 

antibody 

Aba 

2-aminobutvric  acid 

ABTS 

2.2'-azido-bis(3-ethvlbenz- 
thiazoline  sulfonic  acid) 

A;bu 

2,4-diaminobutvric  acid 

Abut 

4-aminobutanoic  acid 

ABZ.  Abz 

aminobenzoic  acid 

AC 

adenylate  cyclase 

Aca 

e-aminocaproic  acid 

Acc 

1-aminocvclopropane 
carboxylic  acid 

Ac\c.  Acsc 

aminocvclopentane  carbox¬ 
ylic  acid 

ACE 

angiotensin-converting 

enzyme 

ACh 

acetylcholine 

ACHPA 

4-amino-3-hydroxy-5-cvclo- 
hexvlpentanoic  acid 

AChR 

acetylcholine  receptor 

Acm 

acetamidomethyl 

ACN.  Acn 

acetonitrile 

ACP.  Acp 

acyl  carrier  protein: 
see  Aca 

ACSA 

adenylate  cvclase-stimulating 
activity 

Acsc.  Ac«.c 

aminocvclopentanecarbox- 
vlic  acid 

AcT 

A^-acetyl  transferase 

ACTH 

corticotropin 

AD 

Alzheimer’s  disease 

Ada 

adamantyl 

ADE 

atrial  peptide  degrading 
enzyme 

Adoc 

2-adamantyloxycarbonvl 

ADR 

adriamvcin 

rv  AE 

a-amidating  enzyme 

A  EC 

3-amino-9-ethylcarbazol 

AGSP 

atrial  granule  serine 
proteinase 

AH 

amphipathic  a-helix 

Aha.  Ahept  7-aminoheptanoic  acid 
AHB  acute  hepatitis  B 

Ahept.  Aha  7-aminoheptanoic  acid 
Ahex  6-aminohexanoic  acid 

AHPBA  3-amino-2-hvdroxy- 

4-phenvlbutanoic  acid: 
phenvlnorstatine 

AHPPA  4-amino-3-hydroxy-5-phenvl- 
pentanoic  acid 
Ahx  aminohexvl 

Aib  aminoisobutyric  acid 

Aic  2-aminoindan-2-carboxvlic 

acid 

AIDS  acquired  immune  deficiency 

syndrome 

Am  amidino 

Amc  ammoethylcoumaronc 

AMD  actinomvcin  D 

Amt  />-aminomethvlphenylalanine 

AMP.  Amp  aminomethylpipendine 

A  MPA  aminomethvlphenylaeetic 

acid 

ANF  atrial  natriuretic  factor 

ANG.  Ang  angiotensin; 

angiotensinogen 
ANG  II  see  Ang  II 

Ang  II  angiotensin  II 

ANP  atrial  natriuretic  peptide 

Anq  anthraquinone 

AO  antiovulatory 

AoA  antiovulatory  assay 

Aoa  8-aminooctanoic  acid 

Aoc  I-azabicyclo[3.3.0]-2-carbox- 

ylic  acid 

AOGO  5-amino-4-oxo-8-guanidino- 

octanoic  acid 
AP  aminopeptidase 

AP.  BAP  amyloid  protein 

APC  antigen  presenting  cell 

Apent  5-aminopentanoic  acid 

APG  azidophenyl  glyoxal 

Aph  aminophenylalanine 

APM  aminopeptidase  M 

Apo  apolipoprotein 

APP  avian  pancreatic  polypeptide 
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A^r,  Dpr 

2,3-diaminopropionic  acid 

BOI 

2-(benzotriazol- 1  -yl)-oxy- 

APY 

anglerfish  peptide  YG 

1 ,3-dimethylimidazoii- 

AR 

adrenergic  receptor 

nium 

ARC 

AIDS  related  complex 

Bom 

benzyloxymethyl 

AS 

ammonium  sulfate 

BOP 

benzotriazolvloxv  tris-(di- 

Asa 

azidosalicylic  acid 

methylamino)phospho- 

ASC 

antibody-secreting  cell 

nium  hexafluorophos- 

ASF 

African  swine  fever 

phate 

ASFV 

African  swine  fever  virus 

BOP-CI 

his(2-oxo-3-oxazolidinyi)- 

Asu 

aminosuberic  acid 

phosphinic  chloride 

AT 

antithrombin 

BPA 

benzylphenoxvacetamido- 

«AT. 

methvl 

n i- A  T 

o-antitrvpsin 

Bpa 

/?-benzovlphenvlalanine 

ATI  II 

antithrombin  III 

Bpo 

D-rt-benzoylpemcilloyl 

Ate 

2-aminotetralin-2-carboxylic 

Bpoc 

biphenylpropyloxvcarbonvl 

acid 

BPTI 

bovine  trypsin  inhibitor 

ATEE 

acetyl  tyrosine  ethyl  ester 

bR 

bacterial  rhodopsin 

ATR 

attenuated  total  internal 

Br2Dmb 

3,5-bis(bromomethyl)benzo- 

reflection 

ate 

AVP 

arginine-8-vasopressi  n 

BroP 

bromo  trisfdimethylaminoF 

AZT 

3'-azido-3’-deoxythvmidine: 

phosphonium  hexatluoro- 

zidovudine 

phosphate 

BSA 

bovine  serum  albumin 

b 

bovine 

Bt 

biotinovl 

Bab 

3,5-bis(2-aminoetnvl)benzoic 

BTD 

bicvclic  /3-turn  dipeptide 

acid 

BTl' 

O-benzotriazolyl-N.NjV.y- 

Bal 

/3-alanine 

tetramethvluronium  hexa- 

BAP.  AP 

/3-amyloid  protein 

fluorophosphate 

BBAI. 

/-butoxvcarbonyl-/V'-(,V- 

BTX 

bungarotoxin 

bromoacctyl-/3-alany  1  )- 

Bu 

butyl  derivative 

l  -lysine 

Bum 

tm-butyloxymethvl 

BBB 

blood  brain  barrier 

Butaz 

1 ,2-diphenylpyrazolidine- 

Bet 

biocystinyl 

3,4-dione 

BGG 

bovine  7-globulin 

BW 

body  weight 

bGRF 

bovine  growth  hormone 

Bzl 

benzyl 

releasing  factor 

BHA 

benzhydrylamine 

C,  c 

cup; 

BHAR 

benzhydrylamine  resin 

cis 

BHI 

biosynthetic  human  insulin 

c-3-PP 

m-3-propyl-L-prolyl 

Biot 

biotin 

CA 

chemical  acetylation 

BiP 

binding  protein 

Cam 

carboxvamidomethyl 

Bipa 

biphenylalanine 

cAMP 

cyclic  adenosyl  monophos¬ 

bipv 

bipyridine 

phate 

BK 

bradykinin 

CAP 

core  amyloid  peptide 

BLV 

bovine  leukemia  virus 

CAT 

chloramphenicol  acetyl 

BME 

/3-mercaptoethanol 

transferase; 

BN,  Bn 

bombesin 

carboxyl  amide  terminal 

BnPeOH 

2,2-[bis(4-nitrophenvl)]- 

Cbz,  Z 

carbobenzoxy; 

ethanol 

benzyloxycarbonvl 

Boc 

tert-butyloxycarbonvl 

CCD 

countercurrent  distribution 

Boc-ON 

2-tm-butyloxycarbonvl- 

CCK 

cholecystokinin 

amino-2-phenylaceto- 

CD 

circular  dichroism; 

nitrile 

complement  domain 

cDNA 

complementary  DNA 
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CE 

carbetocin 

chymotrypsin; 

CE.  CZE 

capillary  zone  electro¬ 

cholera  toxin 

phoresis 

CTAB 

cetyl  trimethyl  ammonium 

CEC 

cation  exchange  chromato¬ 

bromide 

graphy 

CTL 

cytotoxic  T-lymphocytes 

CFA 

complete  Freund’s  adjuvant 

CTMS 

chlorotrimethylsilane 

CG 

chorionic  gonadotropin 

Ctp 

chloroacetyltrvptophan; 

CGRP 

calcitonin  gene-related 

6-oxo-3,4.6,7-tetrahvdro- 

peptide 

1  H,5H-azocin[4,5.6-e.d)- 

CeTx 

conotoxin 

indole-4-carboxylic  acid 

CHA.  Cha 

cyclohexvlamine 

CYAP 

cerebrovascular  amyloid 

CHAPS 

3-[(3-cholamidopropvl)-di- 

peptide 

methvlammonio  |- 1  -pro- 

CVS 

cardiovascular  system 

panesulfonate 

Cva 

cvsteic  acid 

CHB 

chronic  hepatitis  B 

Cvp 

eyclophilin 

cHex.  cHx 

cyclohexyl 

CZE.  CE 

capillary  zone  electro¬ 

CHF 

congestive  heart  failure 

phoresis 

Chg 

cyclohexylglycine 

CHO 

Chinese  hamster  ovary; 

D 

diversity  (as  with  Ig  or  TCR 

aldehyde 

genes) 

ChTr 

chymotrypsin 

DA 

o/Ala  substitution  factor; 

ChTX 

chary  bdotoxin 

didemnin  A 

cHx,  cHex 

cyclohexyl 

Dab 

diammobutyric  acid 

CID 

chemically  ionized  desorption: 

DABCYL 

4-dimethylaminoazoben- 

collision  induced  dissociation 

zene-4'-sulfonyl  chloride 

CINC 

cvtokine-induced  neutrophil 

DABITC 

4-dimethylaminophenyl-4'- 

chemoattractant 

isothiocyanate 

CiTEtOIC 

4-chloro-3-(2-isothiureido- 

DADLE 

[D-Ala2,D-Leu5]  enkephalin 

cthoxv)isocoumarin 

DAGO. 

I  i>-Ala2./V-MePheJ.Glv5-ol  1 

CiTPrOIC 

4-chloro-3-(3-isothiureido- 

DAMGO  enkephalin 

propoxv)isocoumarin 

DAMGO. 

[D-Ala2.Af-MePheJ,GIy5-ol] 

CLA 

cvclolinopeptide  A 

DAGO 

enkephalin 

CM 

chloromethyl; 

Dap 

diaminopimelic  acid 

casomorphin 

DAST 

diethyl  aminosulfur  tri- 

CMC 

carboxymethylcysteine 

fluoride 

C°MePhe 

C"-methylphenylalanine 

Dat 

desamino  tyrosine 

CNS 

central  nervous  system 

DB 

didemnin  B 

COSY 

correlated  NMR  spectros¬ 

DBF 

dibenzofuran 

copy 

Db,g 

dibenzylglycine 

CP 

carboxypeptidase 

DBH 

dibenzylhydrizide 

Cpa 

4-chlorophenylalanine 

Dbr 

a.y-diaminobutyric  acid 

CPBA 

chloroperbenzoic  acid 

DBU 

1 ,8-diazobicyclo[5.4.0]- 

CPD 

carboxypeptidase 

undec-7-ene 

CPF 

caerulin  precursor  fragment 

Deb 

2,6-dichlorobenzyl 

CPMAS 

cross-polarization/magic 

DCC, 

angle  spinning 

DCC1 

dicyclohexylcarbodiimide 

CP-Y 

carboxypeptidase  Y 

DCHA 

dicyclohexylamine 

CR 

chain  recombination 

DCI 

3,4-dichloroisocoumarin 

CRF 

corticotropin  releasing  factor 

DCM 

dichloromethane 

Cro 

4-hydroxycrotonic  acid 

Dcp 

dichlorophenyl 

CRP 

C-reactive  protein 

DCU 

dicyclohexylurea 

CsA 

cyclosporin  A 

DDDA 

2,9-diamino-4.7-dioxa- 

CT 

carboxy  terminus: 

decanedioic  acid 

calcitonin; 

DDQ 

dichlorodicyanoquinone 
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Abbreviations 


DEAE 

diethylaminoethanol 

DEAM 

Deg, 

diethylacetamidomalonate 

Dd>g 

diphenvlglycine 

DG/SA 

distance  geometry/simulated 
annealing 

Dha 

dehydroalanine 

Dhc 

S-^J-dihydroxypropyl  )- 
cysteine 

DHO 

dihvdroorotic  acid 

DHP 

dihydroxypropvi: 

dihvdropvridine 

DIBAL 

diisobutvl  aluminium 
hydride 

DIC 

diisopropylcarbodiimide 

DIEA 

diisopropylethvlamine 

DIP 

4,7-diphenvl  phenanthroline 

DIPC 

see  DIC 

DIPCDI 

see  DIC 

DIPEA 

diisopropylethvlamine 

DKP 

[AspBI0,LysB28,ProB29l- 

insulin; 

diketopiperazine 

DLPS 

dilauroylphosphatidvlserine 

DMA 

dimethvlacetamide 

DMAP 

dimethvlaminopyridine 

DMBHA 

2',4'-dimethoxybenzhydrvl 

amine 

DMF 

dimethylformamide 

Dmp 

dimethviphosphinyl 

DMPC 

dimyristoylphosphatidvl- 

choline 

DMPG 

dimyristoylphosphatidyl- 

glycerol 

DMPSE 

dimethylphenylsilylethyl 

DMS 

dimethyl  sulfide 

DMSO 

dimethyl  sulfoxide 

Dmt-OH 

2,2-dimethyl-L-thiazolidine- 
4-carboxvlic  acid 

Dncp 

2,4-dinitro-6-carboxy  phenyl 

DNP.Dnp 

dinitrophenvl 

Dns 

dansyl 

DOAC1 

dimethyl  dioctadecyl  ammo¬ 
nium  chloride 

DOC 

deoxycholate 

DO  PC 

dioleoyl-sfl-givcerophospho- 

choline 

Dpa 

/3,/J-diphenylalanine: 

diphenylalanine 

DPBT 

diphenylphosphorylbenz- 

oxazolthione 

DPCDI 

see  DIC 

DPDPE 

cvcIofDPen^oPen']- 

enkephalin 

Dpg 

dipropylglycine 

DPI 

despentapeptide  insulin 

DPP 

dipeptidyl  peptidase 

DPPA 

diphenylphosphorvlazide 

DPPC 

dipalmitoylphosphatidyl- 

choline 

DPPG 

dipalmitoylphosphatidvl- 

glycerol 

Dpr.  A'pr 

2.3-diaminopropionic  acid 

DQF 

double  quantum  focused 

DSB 

4-(  2.5-dimethvl-4-methyl- 
sulfinylphenyl)-4-hydroxv- 
butanoic  acid 

DSP 

dimethvlsulfonium  methyl 
sulfate 

DTC 

dimeric  tripeptide  chemo¬ 
attractants 

Dtc 

5,5-dimethylthiazolidine-4- 
carboxylic  acid 

DTH 

delayed  type  hypersensitivity 

DTNB 

dithiobis(2-nitrobenzoic 

acid) 

DTPA 

diethvlenetriamine  penta- 
acetic  acid 

Dts 

dithiasuccinovl 

DTT 

dithiothreitol 

Dvn 

dynorphin 

c 

eel: 

equine 

EA 

ergotamine 

EACA 

see  Aca 

EAE 

experimental  autoimmune 
encephalomyelitis 

EBV 

Epstein-Barr  virus 

EDAC, 

l-(3-dimethylaminopropyl)- 

EDC 

3-ethylcarbodiimide 

hydrochloride 

EDC. 

l-(3-dimethylaminopropvl)- 

EDAC 

3-ethylcarbodiimide 

hydrochloride 

EDRF 

endothelium-derived 
relaxing  factor 

EDT 

ethanedithiol 

EDTA 

ethylenediaminetetraacetic 

acid 

EGF, 

epidermal  growth  factor; 

EGFR 

epidermal  growth  factor 
receptor 

El 

epidermal  cell  inhibitor 

EIAV 

equine  infectious  anemia 
virus 

ELAB 

enantiomer  labeling 
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Abbreviations 


ELISA 

enzyme-linked  immuno¬ 

gonadotropin-releasing  hor¬ 

sorbent  assay 

mone  associated  protein 

Enk 

enkephalin 

GC 

gas  chromatography 

env 

envelope  protein 

g-CSF 

granulocyte-colony  stimula¬ 

EP 

endorphin 

ting  factor 

EPNP 

1 ,2-epoxy-3-(p-nitrophen- 

GDA 

glutaraldehyde 

oxy)propane 

GEMSA 

guanidino  ethylmercapto- 

EPR 

see  ESR 

succinic  acid 

ESR 

electron  spin  resonance 

GH 

growth  hormone 

ET.  Et 

endothelin 

GHRH. 

growth  hormone  releasing 

EtA 

«-ethvlalanine 

GRF 

hormone 

F.tm 

ethyloxymethyl 

GHRP 

growth  hormone  releasing 

Et,N.  TEA 

triethvlamine 

G1TC 

peptide 

2,3.4.6-tetra-0-Ac-/3-D- 

FAA 

fatty  amino  acid 

glucopyranosyl  isothio¬ 

Fab 

antigen  binding  Ig  fragment 

cyanate 

FABMS 

fast  atom  bombardment 

Gla 

D-galactopyranosy  1 ; 

mass  spectrometry 

y-carboxyglutamic  acid 

FACS 

fluorescence-activated  ceil 

GLP 

glucagon-like  peptide 

sorter 

GM 

gramicidin  M; 

Farn 

farnesyl 

[Phe,  II  I3  l5]gramicidin  A 

Fc 

crystallizable  Ig  fragment 

Gn,  Gu 

guanidine 

FeLV 

feline  leukemia  virus 

GnRH 

gonadotropin  releasing 

FET 

fluorescence  energy  transfer 

hormone 

Fg 

fibrinogen 

GO 

8-guanidinooctanovl 

FGF 

fibroblast  growth  factor 

gP 

glycoprotein 

FI 

food  intake 

GPI 

guinea  pig  ileum 

FID 

flame  ionization  detector 

GRF. 

growth  hormone  releasing 

FITC 

fluorescein  isothiocvanatc 

GHRH 

factor 

Fig 

fluorenvlglycine 

GRP 

gastrin  releasing  peptide 

Fm.  fm 

fluorenylmethyl 

GS 

gramicidin  S 

FMDV 

foot-and-mouth  disease  virus 

GSH 

reduced  glutathione 

FMOC 

see  Fmoc 

GSSG 

oxidized  glutathione 

Fmoc 

fluorenylmethoxycarbonyl 

GTP 

guanosine  triphosphate 

Fn 

fibronectin 

Gu.  Gn 

guanidine 

For 

formyl 

Gua 

guanidino 

Fpa 

4-fluorophenylalanine 

GvH 

graft  vs.  host 

FPLC 

fast  protein  liquid 

GVIA 

conotoxin  G  VIA 

chromatography 

FPro 

5-fluoroproline 

h 

human 

FRET 

fluorescence  resonance 

HA 

hemagglutinin 

energy  transfer 

Hat 

6-hydroxy- 2-aminotetralin-2- 

FSH 

follicle  stimulating  hormone: 

carboxylic  acid 

FTIR 

follitropin 

HBcAg 

hepatitis  B  core  antigen 

Fourier  transform  infrared 

HBeAg 

hepatitis  B  e  antigen 

FXa 

blood  coagulation  factor  Xa 

hBP 

human  serum  binding 

G.g 

protein 

guanine-nucleotide  binding; 

HBPvU 

2-(  1  //-benzotriazol- 1  -vl>- 

gauche; 

1,1,3,3-bis  (tetramethy- 

GTP-binding  regulatory 

lene)-uronium  hexafluo- 

GA 

gramicidin  A 

rophosphate 

GABA 

y-aminobutyric  acid 

HBTU 

O-benzotriazolyl-iV.iV.jV'.jV’- 

GAL 

galanin 

tetramethyluronium  hexa- 

GAP 

growth  associated  protein; 

fluorophosphate 
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Abbreviations 


HBV 

hepatitis  B  virus 

HPA 

HC 

heparin  cofactor  II 

hCG 

human  chorionic  gonado¬ 
tropin 

HPCE 

hCGRP 

human  calcitonin  gene- 

HPI 

related  peptide 

HPLC 

Hcvs,  hCv< 

s  homocysteine 

HEL 

hen  egg  lysozyme; 
human  ervthroieukemia 

HEPES. 

.V-[2-hydroxvethvl  ]pipera- 

Hpp 

Hepes 

zine-N'2-ethanesulfonic 

acid 

HPSEC 

Hfa.  Hfe 

homophenvlalanine 

HFBA 

heptafluorobutvric  acid 

HR.  hr 

HFC 

human  fibroblast 

collagenase 

HSA 

HF1P 

hexafluoroisopropanol 

Hse 

hGH 

human  growth  hormone 

Hsp 

HHM 

humoral  hypercalcemia  of 

HSPS 

malignancy 

HSV 

HI 

hemoregulatory  cell 

HT 

inhibitor 

Htc 

HIC 

hydrophobic  interaction 

chromatography 

HTE 

HILIC 

hydrophilic  interaction 

chromatography 

HTLV 

HIV 

human  immunodeficiency 

HUB 

virus 

HUVEC 

HI  VP. 

human  immunodeficiency 

HIV-PR 

virus  protease 

HYCRAM 

hK 

homolysine 

HLA 

human  leukocyte  antigen 

Hvp 

HLE 

human  leukocyte  elastase 

Hz 

HMP 

hydroxymethylphenoxy- 

acetic  acid; 

la,  I-A 

hydroxymercaptopropionic 

IC 

acid; 

4-hydroxvmethylphenoxy- 

ICAM 

methvl 

ICE 

HMPA, 

hexamethylphosphoric 

i.c.v. 

HMPT 

triamide 

I  EC 

HNE 

human  neutrophil  elastase 

hNP 

human  neutrophil  peptide 

IEF 

HOBT, 

IEX 

HOBt 

hydroxybenzotriazole 

IFNa 

HODhbt 

hydroxyoxodihydrobenzo- 

lg 

triazine 

IGF 

HONp 

nitrophenol 

IL 

HOOBt 

hydroxyoxodihydrobenzo- 

ILys 

triazine 

im 

HOSu 

V-hydroxysuccinimide 

i.m. 

HOTic 

7-hydroxy- 1 ,2,3 ,4-tetra- 

in 

hydroquinoleic-3-car- 
boxylic  acid 

Ind 

hypothalamic-pitituary- 
adrenal  axis 

high  performance  capillary 
electrophoresis 
human  proinsulin 
high  pressure  liquid  chroma¬ 
tography; 

high  performance  liquid 
chromatography 
3-(4-hydroxyphenvl)- 
propionvl 

high  performance  size 

exclusion  chromatography 
histamine  release; 
human  recombinant 
human  serum  albumin 
homoserine 
heat  shock  protein 
high  speed  peptide  synthesis 
herpes  simplex  virus 
HIV-tachykinin 
7-hydroxytetrahydroisoquin- 
oline-3-carboxyIic  acid 
hamster  trachea  epithelial 
cell 

human  T-cell  leukemia  virus 
hamster  urinary  bladder 
human  umbilical  vein 
endothelial  cell 
hydroxycrotonvl  amino- 
methvl  linker 
hydroxvproline 
hertz 

immune-associated  antigen 
inhibitory  concentration 
intracellular  adhesion 
molecule 

interleukin  convertase 
intra-cerebro-ventricular 
ion-exchange  chromatog¬ 
raphy 

isoelectric  focusing 

ion  exchange 

interferon  a 

immunoglobulin 

insulin-like  growth  factor 

interleukin 

lysine(  W-isopropyl) 

imidazole 

intramuscular 

indole 

2-carboxy-indoline 
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INEPT 

insensitive  nuclei  enhance¬ 

MARCKS 

ment  by  pulse  transfer 

Ing 

indenvlglycine 

MAS 

IP 

inositol  phosphate 

MAT 

IR 

infrared; 

Mba 

insulin  receptor 

Mbh 

IRMA 

immunoradiometric  assay 

MBHA 

IU 

international  units 

MBHAR 

IV.  i.v. 

intravenous 

Iva 

2-amino-2-methyl  butyric 

MBP 

acid; 

MBS 

isovaline 

MBzl.  Meb 

J 

joining  (as  with  Ig  or  TCR 

MCH 

genes ) 

MCPBA 

KLH 

keyhole  limpet  hemocvanin 

MD 

KP 

[LysB:8.ProBMj-insulin 

ME 

Kpc 

ketopipecolyl 

Me 

Mea 

LACA 

long  alkyl  chain  amino  acids 

Meb.  MBzl 

LAR 

leukocyte  antigen  related 

Mel 

LD 

lethal  dose 

LDH 

lactate  dehydrogenase 

MeNTI 

LDTOF 

laser  desorption  time-of- 

flight 

MePhg 

LEC 

ligand-exchange  chromatog¬ 

MHC 

raphy 

LFA 

lymphocyte  function-associ¬ 

MIC 

ated  antigen 

LH 

luteinizing  hormone; 

MIR 

lutropin 

Vlls 

LHRH 

luteinizing  hormone  releas¬ 

ing  hormone 

MMC 

Lo 

oxidized  coiled-coil 

MMTV 

LPC 

lauroylphosphorylcholine 

LPH 

lipotropin 

Mob 

LPS 

lipopolysacchande 

Mom 

Lr 

reduced  coiled-coil 

MoMuLV 

LSIMS 

liquid  secondary  ion  mass 

spectrometry 

MOT.  Mot 

LTR 

long  terminal  repeat 

MP 

LVP 

lysine-8-vasopressm 

Mpa 

LZ 

Leu-zervamicin 

Mpg 

Mpgp 

m 

messenger; 

murine 

MPLC 

MAb 

monoclonal  antibody 

Man 

2-mercaptoanaline 

Mpr 

MAP. 

membrane  anchored  protein; 

MAp 

multiple  antigen  peptide; 

MS 

mean  arterial  pressure 

MSH 

MAPs 

macromolecule  associated 

proteins 

myristolated  alanine-rich  C 
kinase  substrate 
magic  angle  spinning 
mating  type  as  for  yeast 
2-mercaptobenzoic  acid 
methoxybenzhydrvl 
methylbenzhydrvlamine 
methylbenzhydrylamine 
resin 

myelin  basic  protein 
w-malcimidobenzoyl-.Y- 
hydroxvsuccinimide  ester 
/>-methylbenzvi 
melanin  concentrating 
hormone 

w-chloroperbenzoic  acid 
molecular  dynamics 
mercaptoethanol 
meilitin 

2- mercaptoethylamine 
p-methylbenzyl 
meilitin; 
melphalan 

,V-methvl  noroxymorphm- 
dole 

.V"-methylphenylglycme 
major  histocompatibility 
complex 

minimal  inhibitory  concen¬ 
tration 

main  immunogenic  region 
minor  lymphocyte  stimula¬ 
ting  gene 

migrating  motor  complex 
mouse  mammary  tumor 
virus 

p-methoxybenzyl 
methyloxymethvl 
Moloney  murine  leukemia 
virus 
motilin 
mastoparan 

mercaptopropionic  acid 

3- methoxypropylglycine 
phosphonic  acid  analog  of 

3-methoxygiycine 
medium  pressure  liquid 
chromatography 
3-mercaptopropionvi; 
mercaptopropionic  acid 
mass  spectrometry 
melanocyte  stimulating 
hormone; 
melanotropin 
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Msob 

methylsulfinylbenzyl 

NZB 

New  Zealand  black 

Msc 

methylsulfonylethyloxy- 

carbonyl 

NZW 

New  Zealand  white 

Msz 

methylsulfinylbenzyloxy- 

0 

ovine 

MT 

carbonyl 

Oic 

2.3,4.5,6,7,8-octahydro- 

metallothionein 

indole-2-carboxylic  acid 

Mtr 

methoxytrimethylphenyl- 

oMePhe 

n-methylphenylalanine 

sulphonyl 

OMP 

outer  membrane  protein 

Mts 

mesitylenesuifonyl 

ONb 

o-mtrobenzvl 

MuLV 

murine  leukemia  virus 

ONp 

nitrophenvl  estff 

MVD 

mouse  vas  deferens 

OPA 

o-phthaldialdehvde 

MxAn 

mixed  anhydride 

OPFp 

ONSu 

pentafluorophenyl 
V-hydroxvsuccinimide  ester 

NA 

nitroaniline 

OSu 

O-succinimide  ester 

Nag 

naphthylglycine 

OT 

oxytocin 

Nal 

3-(2-naphthyl)alanine 

OTf 

O-trifiate 

1-Nal 

3-(  l'-naphthyl)alanine 

OVA 

ovalbumin 

Napa 

4-azido-2-nitrophenylacetyl 

OVLT 

organum  vasculosum 

Nase 

Staphylococcus  aurease 
nuclease 

laminate  terminalis 

Nbb 

o-nitrobenzamidobenzyl 

P 

propeller 

NBD 

7-nitrobenz-2-oxa- 1 ,3-diazole 

PA 

parent  antagonist; 

NBS 

jV-bromosuccinimide 

phosphatidic  acid 

NCA 

jV-carboxyanhydride 

PAB 

p-alkoxybenzyl 

NCp 

nucleocapsid  protein 

PAC.  Pac 

phenacvl 

NCS 

neocarcinostatin 

PAF.  Paf 

p-aminophenyia!anme 

NEM 

V-ethylmaleimide 

PAGE 

polyacrylamide  gel  electro¬ 

NFT 

neurofibrillary  tangles 

phoresis 

Nic 

nicotinoyl 

PAL 

photoaffinity  labeling; 

NIDD 

non-insulin  dependent 
diabetes 

peptide  amide  linker; 
tris(alkoxy)benzylamide 

NIS 

V-iodosuccinimide 

anchor 

NK 

neurokinin 

Pal 

3-(  3-pyridyl  )alanine 

NM 

neuromedin 

Paloc 

3-(  3-pyridyl)aIlyloxycarbonvl 

NMB 

neuromedin  B 

PAM 

phenvlacetamidomethyl 

NMDA 

/V-methyl-D-aspartate 

Pas 

6.6-pentamethylene-2- 

NMM 

/V-methylmorpholine 

aminosuberic  acid 

NMP 

iV-methylpyrrolidinone 

PBS 

phosphate  buffered  saline 

NMR 

nuclear  magnetic  resonance 

PC 

phosphatidyl  choline 

NMT 

A-myristoyl  transferase 

PiC 

tripaImitoyl-5-g!yceryl- 

NOE 

nuclear  Overhauser  effect 

cysteine 

NOESY 

nuclear  Overhauser 

PCP 

phencyclidine 

NP 

enhanced  spectroscopy 

P,CSS 

tripalmitovl-S-glyceryl- 

neutrophil  peptide; 

cysteinylserylserine 

neurophysin; 

PDB 

phorbol  12,13-dibutyrate 

NPE 

neuropeptide 

PDMS 

plasma  desorption  mass 

2-(2-nitrophenyl)ethyl 

spectrometry 

Npp 

nitrophenylpyrazolinone 

PE 

phosphatidyl  ethanolamine 

NPY 

neuropeptide  Y 

PEG 

polyethylene  glycol 

Npys 

3-nitro-2-pyridylsulfenyl 

Pen 

penicillamine 

NT 

N  terminus; 

pepy 

bipyridine-modified  peptide 

amino  terminus; 

PFC 

plaque  forming  cell 

NVOC 

neurotensin 

Pfp 

pentafluorophenyl  ester 

nitroveratryloxycarbonyl 

PG 

proteoglycan; 
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pharmacophore  group 

POPS 

palmitoyl-oleoyl-phosphati- 

PGF 

proteoglycan  growth  factor 

dylserine 

PGLJ 

peptide  glycine  leucine 

PP 

pancreatic  polypeptide 

amide 

PPA 

n-propylphosphoric 

Pgl 

n-pentylglycine 

anhydride 

Pglp 

phosphonic  acid  analog  of 

PPE 

porcine  pancreatic  elastase 

3-mcthoxypropvlglycine 

PPIase 

peptidyl-prolvl  cis-trans 

pGlu 

pyroglutamic  acid 

isomerase 

Ph 

phenyl 

PPL 

porcine  pancreatic  lipase 

Phaa.  PhAcphenvIacetic  acid 

Ppt 

diphenvlphosphinothionyl 

Ph  Ac.  Phaaphenylacetic  acid 

PQ 

paraquat 

PHBT 

polymeric  hydroxvbenzotri- 

Pqt 

3-(  r-methyl-4.4'-bipvndi- 

azole 

nium-l-yl)  propyl 

PHF 

paired  helical  filaments 

PR 

protease 

Phg 

phenvlglvcine 

Pra 

propargylglvcine 

Phi 

4-iodophenylalanme 

PRL 

prolactin 

Phol 

phenylalaninol 

PRP 

platelet-rich  plasma 

Phpa 

3-phenylpropanoic  acid 

PS 

polystyrene 

Pht 

phthaloyl 

PSG 

pig  synovial  gelatinase 

PI 

phosphoinositide 

PT 

pertussis  toxin 

Pi 

isoelectric  point 

PTH 

phenvlthiohydantoin; 

Pic 

picolinovl 

parathyroid  hormone 

Pin 

/3-pineyl 

PTHrP 

PTH  related  protein 

Pip.  pip 

pipecolinyl: 

PTK 

protein  tyrosine  kinase 

piperidine 

Ptm 

phenvloxymethyl 

Pipes 

piperazine-;V,jV'-bis- 

PTPase 

protein-tyrosine  phosphatase 

[2-ethanesulfonic  acid  | 

PTZ 

phenothiazine 

Piv 

pivalovl 

Ptz 

3-(  10-phenothiazinyl)- 

Piz 

piperazic  acid 

propanol 

PK 

protein  kinase 

PVA 

polyvinyl  alcohol 

PKA 

protein  kinase  A 

PVDF 

polvvinylidene  fluoride 

PKC 

protein  kinase  C 

PVN 

paraventricular  nuclei 

PLA, 

phospholipase  A: 

PvBOP 

(benzotriazolyl)-jV-oxy-pyr- 

PLP 

poly-L-proline 

rolidinium  phosphonium 

PMA 

phorbol  mvristate  acetate 

hexafluorophosphate 

PMB 

polymyxin  B 

PYL- 

peptide  tyrosine  leucine 

Pmb 

/i-methoxybenzyl 

amide 

Pmc 

2,2,5,7,8-pentamethyl- 

PYY 

peptide  tvrosine-tvrosine 

chroman-6-sulfonyl 

Pmp 

3.3-pentamethylene-3-mer- 

QUIS 

quisqualate 

captopropionic  acid; 
phosphonomethylphenvl- 

rDNA 

alanine 

recDNA 

recombinant  DNA 

PMSF 

phenylmethylsulfonyl 

REDOR 

rotational  echo  double 

fluoride 

resonance 

pNA 

^-nitroaniline 

RF 

rheumatoid  factor; 

PNb 

/i-nitrobenzvl 

replaceability  factor 

PND 

principal  neutralizing 

RGD 

Arg-Glv-Asp  fibrinogen 

determinant 

binding  sequence 

PON 

periodically  oscillating 

RIA 

radioimmunoassay 

neuron 

RMS 

root  mean  square 

POPC 

l-palmitoyl,  2-oleoyl-.rn-gly- 

RMSD. 

root  mean  square  distance; 

cero-3-phosphocholine 

rmsd 

root  mean  square  deviation 

RNAP 

RNA  polymerase  II 

xix 


Abbreviations 


RNase 

ribonuclease 

SRP 

signal  recognition  peptide 

RNP 

ribonucleoproteins 

SS 

somatostatin 

ROE 

rotating  frame  nuclear 

SS 

solid  state 

Overhauser  effect 

ssDN  A 

single  stranded  DNA 

ROESY 

rotating  frame  nuclear 

ST 

heat  stable  enterotoxin 

Overhauser  enhanced 

Sta 

statin 

ROS 

spectroscopy 

STE 

sterile  (as  with  yeast) 

rat  osteosarcoma  cells 

Su 

succinimide 

RP 

reversed-phase 

Sub 

substrate 

RPC 

reversed-phase  chromato¬ 

Sue 

succinovl 

RPHPLC 

graphy 

reversed-phase  high  pressure 

SWM 

sperm  whale  myoglobin 

RPIF 

liquid  chromatography 

! 

trans 

relative  positional 

t-3-PP 

rra/jj-3-propyl-L-prolyl 

RT 

importance  factor 

Tacm 

•S’-trimethylacetamidomethyl 

reverse  transcriptase; 

TAP 

tick  anticoagulant  peptide 

room  temperature 

TASP 

template  assembled  synthetic 

salmon; 

proteins 

s 

Tat 

transcriptional  activator 

staggered 

TBDMS 

rerr-butyldimethylsilyl 

SA 

symmetrical  anhydrides 

TBDMSC1 

/m-butyidimethylsilyl 

SAH 

5-adenosylhomomethionine 

chloride 

SAM 

5-adenosylmethionine 

TBTA 

/m-butyl-2.2,2-trichloro- 

SAMBHA 

(4-succinylamido-2'.2\4'-tri- 

acetamide 

methoxy)benzhydrvl 

TBTl1 

O-benzotriazolyl- N.  N.N'.  N‘- 

amine 

tetramethvluronium  tetra- 

SAP 

serum  amyloid  protein 

fluoroborate; 

SAR 

structure-activity  relations 

2-(  1  //-benzotriazol- 1  -y  1)- 

Sar 

sarcosvl; 

1.1,3,3-tetramcthyl- 

sarcosine 

uronium  tetrafluoroborate 

SC 

synthetic  troponin-C  peptide 

Tea 

trichloroacetamide 

sc,  s.c. 

subcutaneous 

TCEP 

tris(2-carboxyethvl)- 

see 

short  circuit  current 

phosphine 

SCLC 

small  cell  lung  carcinoma 

TCR 

T  lymphocyte  antigen 

SDS 

sodium  dodecyl  sulfate 

receptor 

SEC 

size  exclusion  chromato¬ 

TCS 

trypsin-catalyzed  semi¬ 

SEM 

graphy 

synthesis 

standard  error  of  the  mean 

TCT 

tracheal  cytotoxin 

SH 

sulfhydryl 

TEA.  Et,N 

triethylamine 

SHMT 

sertne  hydroxymethyl 

TEAP 

triethylamine  phosphate 

transferase 

TEDOR 

transferred  echo  double 

SHR 

spontaneous  hypertensive  rat 

resonance 

SLE 

systemic  lupus  erythema¬ 

Teoc 

trichloroethyloxycarbonyl 

SMPS 

tosus 

TEP 

triethylphosphite 

simultaneous  multiple 

TFA 

trifluoroacetic  acid 

peptide  synthesis 

TFE 

trifluoroethanol 

sn 

small  nuclear 

TFM 

trifluoromethyl 

SP 

substance  P 

TFMSA 

trifluoromethanesulfonic 

SPCL 

synthetic  peptide  combina¬ 

acid 

SPPS,  SPS 

tion  libraries 

TGF 

transforming  growth  factor 

solid  phase  peptide  synthesis 

THF 

tetrahydrofuran 

SPS,  SPPS 

solid  phase  peptide  synthesis 

Thg 

2-thienylglycine 

SRIF,  SS 

somatostatin 

Thi 

tetrahydro- 1 ,4-thiazine-3- 

SS.  SRIF 

XX 

somatostatin 

carboxylic  acid; 
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see  Dtc 

tr2c 

tryptic  fragment  from 

THIQ 

tetrahydroisoquinoline 

troponin-C 

THTP 

tetrahydrothiophene 

TR-COSY 

transferred  rotational  corre¬ 

Thz 

thiazolidine  carboxylic  acid 

lated  NMR  spectroscopy 

Tic,  Tiq 

1 ,2,3,4-tetrahydroquinoline- 

TRH 

thyrotropin  releasing 

3-carboxylic  acid 

hormone 

TicOH 

7-hydroxy-l,2,3,4- 

Tris 

tris(hydroxymethyl)amino- 

tetrahydroquinoline-3- 

methane 

carboxvlic  acid 

TRNOE, 

transferred  nuclear 

TIM.TPI 

triosephosphate  isomerase 

trNOE 

Overhauser  effect 

TLC 

thin  layer  chromatography 

Trt 

trityl 

TM 

transmembrane 

TSH 

thyroid  stimulating  hormone 

Tm 

melting  temperature 

TT 

tetanus  toxoid 

TMBD 

jV,  jV.  .V',  /V'-tetramethvl- 

benzadine 

UDP 

uridine  diphosphate 

Tmob 

2,4.6-trimethoxvbenzyl 

UK 

urokinase 

TMP 

3,4.7,8-tetramethylphenan- 

u-PA 

urokinase-type  plasminogen 

throline 

activator 

TMS 

trimethylsilyl 

uv 

ultraviolet 

TMSCN 

trimethylsilylethyl  cyanide 

TMSE 

^-trimethylsilyl  ethyl 

V 

variable  (as  with  Ig  or 

TMSOTf 

trimethylsilyl  trifluoro- 

TCR  genes) 

methanesulfonate 

VCD 

vibrational  circular 

TMTr 

4.4',4'-trimethoxytriphenyl- 

dichroism 

methyl 

VIP 

vasoactive  intestinal  peptide 

Tn 

troponin 

VIS.  Vis 

visible 

TnC 

troponin-C 

Vly 

valeryl 

TNF 

tumor  necrosis  factor 

VMH 

ventro  medial  hypothalamus 

TOCSY 

total  correlation 

Vn 

vitronectin 

spectroscopy 

VNA 

virus  neutralizing  antibody 

Tos 

tosyl 

VSMC 

vascular  smooth  muscle  cells 

TPA,  tPA 

1 2-0-tetradecanoylphorbol- 

VSV 

vesicular  stomatitis  virus 

1 3-acetate; 

tissue  plasminogen  activator 

WSCI 

water  soluble  carbodiimide 

TPI,  TIM 

triosephosphate  isomerase 

WT.  wt 

wild  type; 

TPK 

tyrosine-specific  phosphate 

weight 

kinase 

TPTU 

1 , 1 ,3,3-tetramethyl-2-(2-oxo- 

XAL 

5-(9-aminoxanthen-2-oxy)- 

l(2//)-pyridyl)uronium 

valeric  acid 

tetrafluoroborate 

Xan 

9-xanthenvl 

TPyCIU 

1 . 1 ,3,3-bis(tetramethylene)- 

XPF 

xenopus  precursor  fragment 

chlorouronium  tetra- 
fluoroborate 

Z.Cbz 

carbobenzoxy; 

Tqu 

1 ,2,3,4-tetrahydroquinoline- 

benzyloxycarbonyl 

2-carboxylic  acid 

TR 

time  resolved 

V 

pseudo 
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Introduction 

The  holy  grail  of  medicinal  chemistry  has  been  the  'receptor-bound'  confor¬ 
mation,  the  elusive  form  of  a  bioactive  molecule  as  it  triggers  or  blocks  a  biological 
response.  For  highly  flexible  bioactive  peptides  the  search  is  especially  complex. 
Freezing  the  peptide  in  its  active  shape  offers  the  possibility  of  eliminating  side 
effects  through  limiting  interaction  with  alternate  receptors,  as  well  as  the 
possibility  of  curtailing  metabolic  processes.  In  a  case  where  the  active  conformer 
is  only  a  small  percentage  of  the  solution  population,  there  is  also  the  expectation 
of  increased  potency.  We  have  been  strong  proponents  of  the  constrained  analog 
approach  as  a  means  'o  define  the  ‘bioactive  conformation'.  This  approach  calls 
for  systematic  introduction  of  conformational  constraints.  Bioactivitv  of  the 
constrained  analog  indicates  an  allowed  structure  at  the  receptor.  Lack  of 
bioactivity  offers  limited  information  by  defining  only  a  single  inactive  conformer. 
Rapid  and  facile  synthesis  of  many  analogs  is  essential  to  obtaining  positive 
results.  We  have  had  the  good  fortune  of  being  quite  successful  in  applying 
this  approach,  endeavoring  along  the  wav  to  look  back  on  physical  measures 
of  the  unconstrained  peptide  in  solution  and  solid  state  to  search  for  clues  relating 
to  the  bioactive  conformation.  The  high  flexibility  and  apparent  low  concentration 
of  the  bioactive  form  in  even  somewhat  constrained  molecules  have  been 
formidable  obstacles  to  detailed  physical  studies.  The  problem  of  direct  ob¬ 
servation  of  structure  in  solution  or  the  crystalline  state  has  been  brought  home 
in  recent  studies  on  cyclosporin.  Both  the  X-ray  and  solution  NMR  studies 
had  shown  a  cis-amide  bond  between  residues  9  and  10.  In  contrast.  Fesik  et 
al.  have  shown  a  trans-amide  bond  at  this  same  point  when  the  peptide  is  bound 
o  cyclophilin.  the  presumed  receptor  [1], 

I  would  like  to  discuss  some  of  the  details  of  our  constrained  analog  studies 
on  somatostatin,  filling  in  some  gaps  with  new  data  using  techniques  not  available 
when  these  studies  were  first  executed  and  adding  some  heretofore  unreported 
results  that  amplify  previous  conclusions.  I  would  also  like  to  show  examples 
of  how  the  constrained  analog  approach  has  extended  quite  broadly  to  other 
peptides.  Finally.  I  will  give  my  view  of  future  hopes.  I  have  chosen  this  topic 
to  highlight  the  participation  of  the  fine  people  who  have  contributed  to  the 
accomplishments  that  are  being  recognized.  Individual  recognition  in  the  text 
will  generally  indicate  the  new  or  previously  unpublished  results  that  are  being 
reported  here. 
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A  first  step  in  our  constrained  analog  studies  on  somatostatin  (1)  (Table  1) 
was  replacement  of  the  four  terminal  residues  by  aminoheptanoic  acid  (Aha) 
to  form  the  bis-carba  analog  (2)  [2].  We  interpreted  the  improved  potency 
generally  observed  with  D-Trp8,  as  seen  by  J.  Rivier  et  al.  in  somatostatin  [3] 
as  being  indicative  of  a  Type  II'  /3-turn  in  the  D-Trp8  analog  along  with  anti¬ 
parallel  /3-sheet  involving  residues  5-7  and  10-12.  An  open  structure  in  regions 
1-4  and  13-14  was  supported  by  the  high  activity  of  analogs  having  proline 
in  positions  5  (3)  and  13  (5).  The  introduction  of  proline  at  position  12  (4) 
is  quite  detrimental  to  activity  and  indicates  that  this  residue  may  still  be  involved 
in  /8-structure  (R.  Strachan  and  F.  Holly). 

Early  on,  the  side  chains  of  Asn5  and  Thr1J  served  as  a  focus  for  a  cross- 


Table  1  Growth  hormone  release  inhibiting  properties  of  selected  somatostatin  analogs 


GH  (in  vitro)* 

1 

H-Ala-Gly-Cys-Lys-Asn5-Phe4-Phe7-Trp8-Lys,-Thrl0-Phell-Thrl2-Serl:!-Cys-OH 

1.0 

2 

cyclo(Aha-Lys-Asn-Phe-Phe-L-Trp8-Lys-Thr-Phe-Thr-Ser) 

0.6 

3 

cyclof  Aha-Lys-Pro3-Phe-Phe-D-Trp8-Lys-Thr-Phe-Thr-Ser) 

1.3 

4 

cyclof  Aha-Lys-Asn-Phe-Phe-D-Trp8-Lys-Thr-Phe-Pro,2-Ser) 

0.1 

5 

cyclof  Aha-Lys- Asn-Phe-Phe-D-T  rp8-Lvs-Thr-Phe-Thr-Pro 1 3) 

2.2 

6 

cvclo(  Aha-Lys-Cys-Phe-Phe-D-Trp-Lys-Thr-Phe-Cys-Ser) 

0.4 

7 

cyclof  Aha-Phe6-Phe-i>Trp!'-Lvs-Thr-Phe) 

0.9 

8 

cyclof  Aha-Phe-Phe-L-Trp'i-Lvs-Thr-Phe) 

0.1 

9 

cyclof  Aha-Cvs-  Phe-o-T  rp*-  L  vs-Th  r-Cvs  1 

1.2 

10 

cycloi  Pro<'-Phe'-t)-Trp,'-Lvs''-Thrl,,-Phe:i ) 

1.7 

11 

cyclof  Pro-Phe-L-Trp-Lvs-Thr-Phe) 

1.6 

12 

I  l 

cyclof  Pro-hCys-o-T  rp-Lys-Cys-Phe ) 

<0.002 

13 

cyclof  Pro-Cys-D-Trp-Lys-hCys-Phe) 

0.004 

14 

cyclof  Pro-Cys-D-Trp-Lys-Cys-Phe) 

_b 

15 

cyclof  N-Me-AIa-Phe-o-Trp-Lys-Thr-Phe) 

3.5 

16 

cyclof  Ala-Phe-D-T  rp-Lys-Thr-  Phe) 

0.6 

17 

cyclof  Aha-D-Cys-D-Thr-D-Lvs-Trp-D-Phe-D-Cys) 

0.2 

18 

cyclof  N-Me-o-Phe-n-Thr-D-Lys-Trp-D-Phe-D- Ala) 

0.3 

19 

cyclo(N-Me-D-Phe-D-Thr-Lys-D-Trp-D-Phe-D-Ala) 

0.9 

20 

cyclof  N-Me-Ala-Tyr-D-Trp-Lys-Val-Phe)  MK-678 

52 

21 

-Cys-Phe-D-Trp 

2.5 

-Cys-Thr-  Lys 

22 

-Cvs-Tyr-o-Trp 

I  i 

16 

1  1 
-Cys-Val-  Lys 

‘  Inhibition  of  growth  hormone  release  using  dispersed  pituitary  cells,  as  reported  in  Ref.  4.  and 
expressed  in  relation  to  somatostatin  which  is  defined  as  1.0. 

K  Did  not  form. 
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ring  constraint  in  the  form  of  a  disulfide.  Thus,  the  bicyclic  analog,  6,  was 
as  active  as  the  monocyclic  cysteine  protected  precursor  [4]  providing  strong 
support  for  our  model.  The  ability  to  replace  two  amino  acids  commonly  judged 
as  hydrophilic  (Asn  and  Thr)  with  the  hydrophobic  grouping  of  cystine  is 
noteworthy.  Indeed  these  side  chains  were  eventually  replaced  by  a  phenyl  ring 
in  the  cyclic  hexapeptides  discussed  below.  For  somatostatin  it  appears  that 
the  receptor  is  recognizing  the  hydrophobic  portion  of  these  amphoteric  amino 
acids.  Surely  this  characteristic  of  groups  in  peptides  makes  simple  generalizations 
about  hydrophobic  or  hydrophilic  character  quite  hazardous  and  affords  us  chem¬ 
ists  the  opportunity  to  utilize  our  intuition  and  experience. 

The  successful  application  of  the  5-12  cross-ring  bridge  allowed  us  to  ignore 
our  findings  about  conformation  in  the  open  portion  of  the  peptide  (residues 
1-4,  12,  13)  since  the  whole  open  portion  was  readily  deleted  to  give  cyclo(Aha- 
Phe6-Phe-D-Trp-Lys-Thr-Phen),  7.  which  retains  potency  about  equal  to  soma¬ 
tostatin.  The  corresponding  L-Trp8  analog  8,  is  still  less  potent  in  this  structural 
class,  consistent  with  an  equilibrating  mixture  of  conformations,  the  bioactive 
form  constituting  only  a  low  proportion  of  the  population. 

Recognition  that  the  phenylalanines  6  and  1 1  might  be  contributing  prominently 
to  stabilization  of  the  bioactive  conformation  through  hydrophobic  interaction 
led  us  to  propose  and  synthesize  the  disulfide-bridged  bicyclic  analogs  exemplified 
by  structure  9  [5].  A  further  simplification  of  the  bicyclic  bridging  unit  was 
accomplished  through  replacement  of  the  Cvs-Aha-Cys  by  Phe-Pro  in  the  form 
of  cyclo(Pro-Phe-D-Trp-Lys-Thr-Phe),  10,  designed  to  achieve  a  /)-turn  which 
proved  to  contain  a  cis-amide  bond  [6].  This  series  also  has  sufficient  rigidity 
that  the  L-Trp  diasteriomer  (11)  is  equipotent  to  the  u-Trp  isomer  (10). 

The  cyclic  hexapeptide  10  has  been  the  subject  of  extensive  conformational 
analysis  using  NMR  techniques  both  in  D20  and  in  DNlSO-d,,  [7].  Significantly 
less  conformational  averaging  is  seen  in  D20  than  in  DMSO.  This  is  primarily 
indicated  by  less  dramatic  upfield  shifts  of  protons  on  proline  and  lysine  in 
DMSO-d6  than  in  D20.  It  is  also  seen  in  more  average  values  for  the  N‘*-H 
to  C°-H  coupling  constants  in  DMSO-d6  Using  mixtures  of  H20  and  D20.  it 
was  possible  to  assign  all  N°-H  to  C°-H  coupling  constants  [7],  A  cis-amide 
bond  was  indicated  by  13C  chemical  shifts  in  the  proline  ring  along  with  a  strong 
nuclear  Overhauser  effect  between  the  a-protons  of  Phel!  and  Pro6.  Using  a 
comprehensive  conformation  search  program  [8],  two  structures  were  found  which 
proved  consistent  with  all  physical  data  in  solution  as  well  as  fitting  all  structure- 
activity  data  for  the  bioactive  conformation.  Although  the  NMR  data  in  solution 
are  also  consistent  with  an  equilibrating  mixture  of  these  two  forms,  it  is  difficult 
to  argue  the  fortuitous  averaging  of  two  structures  with  such  extreme  coupling 
constants.  The  dihedral  angles  for  these  two  structures  are  given  in  Table  2 
and  stereo  views  are  shown  in  Fig.  1.  Although  structure  10a  is  slightly  lower 
in  energy  when  calculated  at  low  dielectric,  calculation  at  high  dielectric  reduces 
the  difference  between  the  two  forms.  The  greater  apparent  stability  of  the  ‘cup’- 
shaped  structure  10a  at  low  dielectric  is  a  consequence  of  more  internal  hydrogen 
bonds  than  in  the  ‘flat’  structure  10b. 
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Table  2  Dihedral  angles  for  cyclic  hexapeptide  models  10a,  10b  and  the  two  disulfide 
isomers  of  22  modelled  using  the  backbone  of  10b  and  carrying  out  50  cycles  of  energy 
minimization.  Coupling  constant  data  for  10  is  given  in  reference  7.  N-H  to  Ca-H  coupling 
constants  in  CDjOD/CDjOH  are  given  for  the  two  isomers  of  22  along  with  values  predicted 
from  the  models 


Model  Dihedral  angles 


lOa('cup’) 

lObCfiaO 

Phe»(d>,<p) 

-37,124 

-48,133 

Pro6(d>,v>) 

-66.-21 

-73,-23 

Phe7(4>,«>) 
-91,  91 
-143.159 

D-Trp8(d>,tp) 

73,-120 

99.-150 

Lys’( <*>,<£) 

-70,-21 

-84,-19 

Thrl#(  <£,<p) 
-113.  81 
-109.120 

22a(98) 

22b(-96) 

Cysn(4>.<£) 

75,139 

78.143 

Cys‘(4>.v>) 

-130,39 

-126,29 

Tyr7(<*>,y>) 

-169,-154 

-164,-154 

D-Trpd(d>,yj) 

79,-159 

79.-159 

Lys»(0,v>) 
-77,  -6 
-78,-10 

Val,0(d>,ip) 

-120,178 

-115,177 

J  NH-C“H 

(major.minor) 

Found 

Predicted 

-4,-4 

5.7 

11.7,10.2 

9.2 

7.5,  7.7 

5.5 

6.5,  6.7 

6.2 

7.2,  6.6 

6.1 

8.9,  9.2 

9.4 

Our  over-all  preference  for  the  ‘flat’  structure  as  both  the  solution  and  bioactive 
conformation  derives  from  attempts  to  build  a  covalent  constraint  between  the 
side  chains  of  Phe7  and  Thr10  (S.  Brady,  R.  Freidinger  and  W.  Paleveda).  10a 
presents  the  side  chains  of  Phe7  and  Thr10  as  axial  and  in  close  spatial  proximity 
while  10b  presents  the  Phe7  side  chain  in  an  equatorial  orientation.  Modelling 
studies  indicate  facile  bridging  of  the  7  and  10  side  chains  using  a  disulfide 
when  cysteine  and  homocysteine  are  present  at  these  positions  in  structure  10a, 
while  no  such  bonding  is  possible  when  structure  10b  is  similarly  modified.  Both 
isomers  of  the  Cys-homoCys  (12  and  13)  peptide  were  prepared  and  found  to 
show  very  low  potency  (Table  1).  The  analog  having  cysteine  at  both  of  these 
positions  (14)  did  not  form  a  monomeric  disulfide  under  conditions  we  have 
used  for  the  formation  of  even  relatively  strained  rings  (see  examples  later). 
Based  on  these  analogs  it  appears  that  10a  is  neither  the  bioactive  nor  the  solution 
conformation.  The  ‘flat’  structure  (10b)  as  both  solution  and  receptor  bound 
form  is  consistent  with  all  physical  studies  and  biological  results. 

The  cis-amide  bond  between  residues  11  and  6  had  been  a  consideration  of 
the  original  design  studies  of  Freidinger.  Subsequent  recognition  of  its  presence 
in  compound  10  (R.  Nutt  and  K.  Kopple)  encouraged  a  view  that  this  was 
a  prerequisite  for  activity.  We  were  therefore  surprised  to  observe  the  relatively 
high  activity  of  cyclo(Ala-Phe-o-Trp-Lys-Thr-Phe),  16,  which  has  a  secondary 
amide  in  the  turn  between  Phe11  and  Ala6  and  is  to  be  compared  to  15  of  Table 
1  (R.  Freidinger  and  D.  S.  Perlow).  The  amide  bond  of  16  is  expected  to  be 
trans  but  the  possibility  exists  that  some  feature  in  the  cyclic  hexapeptide  could 
be  forcing  the  amide  cis.  A  key  measure  of  the  presence  of  a  cis  amide  is  an 
NOE  between  the  a-protons  on  either  side  of  the  amide  bond  in  question.  In 
this  molecular  size  range,  the  absence  of  a  NOE  is  ambiguous  because  the 
transition  from  positive  to  negative  values  occurs  here  [9].  Thus  a  failure  to 
see  one  in  this  instance  did  not  allow  us  to  draw  a  conclusion  at  the  time  this 
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compound  was  made  in  1979.  Today,  the  ROESY  experiment  overcomes  the 
ambiguity  since  the  Overhauser  effect  remains  positive  independent  of  molecular 
size.  Using  the  ROESY  experiment,  [10,11]  B.  Arison  was  unable  to  detect  any 
significant  Overhauser  effect  involving  the  a-protons  of  Phe11  and  Ala6  of  16 
indicating  a  trans-amide  bond.  Thus,  both  cyclic  hexapeptide  structural  classes 
(cis  or  trans  amide)  show  good  somatostatin-like  activity,  although  those  having 
the  cis-amide  bond  are  more  potent.  Indeed,  potency  is  quite  sensitive  to  changes 
in  this  portion  of  the  molecule,  as  evidenced  by  the  effect  of  variation  of  the 


10a 


lOb 

Fig.  1.  Stereo  view  of  two  low  energy  structures  for  cyclo(Pro-Phe-D-Trp-Lys-Thr-Phe)  which  fit  the 
constraints  of  the  NMR  data  in  D:0.  The  upper  'cup' -shaped  structure  (10a)  appears  to  be  stabilized 
by  more  intra-molecular  hydrogen  bonds  than  the  lower  'flat'  structure  (10b). 
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hormone  (in  vitro) 


23 

0 

H 

H 

H 

9.0 

24 

1 

H 

H 

H 

1.7 

25 

2 

H 

H 

H 

17.0 

26 

1 

OH 

H 

H 

1.5 

27 

1 

H 

OH 

H 

4.2 

28 

1 

H 

H 

OH 

14.3 

29 

1 

H 

H 

OCH, 

0.2 

30 

1 

H 

H 

Cl 

1.1 

(Somatostatin  =  1.0) 

Fig.  2.  Cyclic  hexapeptide  analogs  of  somatostatin  having  modifications  in  residues  6  and  7. 

proline  ring  size  from  4  to  6  atoms.  The  4-  and  6-membered  rings  (23  and 
25)  are  both  more  potent  than  the  5  (24)  (Fig.  2).  At  the  same  time,  this  change 
in  the  proline  does  not  appear  to  alter  backbone  conformation.  Rather,  the 
altered  potency  has  been  attributed  to  changes  in  side-chain  rotamer  populations 
in  recent  collaborative  studies  with  M.  Coodman  and  coworkers  [12]. 

We  have  a  good  deal  of  information  regarding  the  receptor-bound,  side-chain 
rotamer  population  of  Phe11.  Studies  have  shown  that  the  phenyl  group  of  Phe11 
in  cyclo(fV-Me-Ala-Phe-D-Trp-Lys-Thr-Phe),  15,  can  be  moved  to  residue  6  to 
give  the  equipotent,  isomeric  cyclo  (W-Me-Phe-Phe-D-Trp-Lys-Thr-Ala),  31  [13]. 
NMR  also  showed  that  the  Ala11  methyl  group  of  compound  31  was  shifted 
upfield  identically  to  that  of  the  C-methyl  group  of  the  fV-Me-AIa6  of  compound 
15.  Thus,  a  similar  location  of  the  phenyl  ring  is  indicated  for  both  isomers 
in  the  solution  conformation.  Consistent  with  this  positioning  of  the  benzyl 
side  chain,  it  has  proven  possible  to  bridge  the  6  and  1 1  side  chains  through 

a  disulfide  in  cyclo(Cys-Cys-Phe-D-Trp-Lys-Thr),  21,  [14,15]  without  loss  of 
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activity.  S.  Brady  and  R.  Freidinger  designed  this  compound  based  on  the 
expectation  that  the  8-membered  ring  disulfide  would  force  a  cis-amide  bond 
for  the  peptide  within  the  ring  and  simultaneously  serve  in  place  of  the  benzyl 
side  chain  as  a  receptor  binding  element  [16].  When  NMR  showed  21  to  be 
an  equilibrating  mixture  of  two  conformers  (about  55  : 45),  techniques  available 
at  that  time  did  not  allow  us  to  differentiate  amide  cis-trans  isomerization  from 
the  energetically  similar  disulfide  isomerization  (  +  90°  to  -90°)  [17].  To  take 
advantage  of  improved  NMR  methods  today,  S.  Brady  resynthesized  a  sample 

of  the  more  potent  cyclo(Cys-Cys-Tyr-D-Trp-Lvs-Val),  22,  a  bicvclic  analog  of 
MK-678  (20).  This  compound  gives  a  more  sharply  defined  NMR  spectrum  than 
does  21  for  the  mixture  of  isomers.  In  both  cases  the  isomers  are  separable 
by  HPLC,  but  re-equilibrate  by  the  time  they  are  reinjected.  Using  the  ROESY 
technique,  B.  Arison  was  able  to  observe  Overhauser  effects  between  the  two 
a-protons  of  the  cystine  in  both  isomeric  forms  of  22.  This  indicates  that  both 
isomers  have  a  cis-amide  bond  and  the  isomerism  must  therefore  relate  to  the 
disulfide.  Our  observation  contrasts  to  that  of  Sukumaran  et  al.  on  a  monocyclic 
disulfide  [18].  They  attributed  isomerism,  in  that  case,  to  amide  bond  rotamers 
based  on  the  ambiguous  observation  of  an  Overhauser  effect  in  only  one  isomer 
when  using  the  NOESY  technique. 

Full  analysis  of  the  spectra  of  22  in  CD3OD/CD3OH  by  B.  Arison  has  allowed 
assignment  of  the  N“-H  to  C"-H  coupling  constants.  The  two  isomers  give 
essentially  identical  coupling  constant  data  at  every  residue,  indicating  little 
difference  in  backbone  conformation  between  the  two  forms  (Table  2).  In  addition, 
models  of  this  peptide,  prepared  starting  from  the  ‘flat’  model  (10b)  of  the 
monocylic  peptide  (Fig.  2),  were  taken  to  a  local  energy  minimum  or  saddle 
point  using  CH  ARMm.  The  coupling  constraints  predicted  from  these  two  models 
fit  remarkably  well  to  the  observed  data  (Table  2).  I  conclude  from  these  studies 
that  the  disulfide-containing  8-membered  ring  is  a  useful  constraint  to  produce 
a  cis-amide  bond  in  peptides. 

One  of  the  most  important  binding  contributions  in  somatostatin  and  analogs 
arises  from  the  indole  of  Trp8.  Studies  have  shown  that  the  NE1  is  not  critical 
to  receptor  binding  [19].  Varied  aromatic  replacements  for  the  indole  show  only 
very  low  potency  as  indicated  by  the  analogs  of  Fig.  3  synthesized  by  R.  Nutt, 
S.  Brady,  C.  Colton  and  R.  Strachan.  Even  the  /3-2-naphthylalanine  derivative, 
normally  considered  a  close  analog  of  Trp,  but  lacking  an  NH,  shows  only 
1/10  the  potency  of  the  parent  cyclic  peptide  for  inhibition  of  growth  hormone 
release.  How  then  is  it  possible  that  such  a  large  change  as  inversion  of 
configuration  at  this  same  residue  is  tolerated  without  loss  of  potency?  An 
explanation  is  simultaneous  rotational  inversion  (X2)  of  the  indole  ring  on 
inversion  of  the  C"  chiral  center.  This  results  in  the  presentation  of  a  different 
edge  of  the  indole  to  the  receptor  for  each  diastereomer  and  explains  the  altered 
structure-activity  relationships  seen  for  substitution  on  the  indole  in  the  1  and 
5  positions  in  the  two  diasteriomers  [19].  Thus  5-position  substitution  with  a 
bulky  group  lowered  activity  in  D-Trp  analogs  but  did  not  alter  L-Trp  analog 
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0.17 


Fig.  3.  Cyclic  hexapepiide  somatostatin  analogs  modified  at  o-Trps  by  replacement  with  varied  aromatic 
groups. 


potency.  In  contrast,  1-position  substitution  with  a  bulky  group  did  not  alter 
o-Trp  analog  potency  while  the  same  group  in  the  1 -position  lowered  the  potency 
of  an  L-Trp  analog.  Figure  4  graphically  illustrates  how  the  two  isomeric  forms 
can  superimpose  with  very  similar  presentation  of  receptor-binding  elements. 

An  additional  binding  site,  a  hydrogen  bond  acceptor,  was  discovered  on 
somatostatin  receptors  through  structure-activity  studies  at  Phe7  of  the  cyclic 
hexapeptides.  Progressive  increase  in  potency  is  seen  as  a  hydroxyl  is  introduced 
in  the  ortho,  meta  and  para  positions  of  this  side  chain  (Fig.  2)  in  analogs 
synthesized  by  R.  Nutt  and  P.  Curley.  The  severe  reduction  in  potency  on 
replacement  of  the  para  hydroxyl  with  methoxy  or  chloro  indicates  a  specific 
hydrogen  bond  donor  role  for  the  aromatic  hydroxyl  in  the  para  position.  It 
is  this  information  coupled  with  the  extensive  conformation  and  structure-activity 
data  base  that  ultimately  led  to  the  synthesis  of  the  very  potent  MK-678  (20) 
by  R.  Nutt  [20], 

That  little,  if  any,  contribution  to  receptor  binding  derives  from  the  peptide 
backbone  itself  is  seen  in  the  successful  application  of  retropeptide  approaches 
[21].  In  the  cyclic  hexapeptide  class,  two  modifications  of  the  retro-enantiomer 
concept  were  required  in  order  to  achieve  high  potency.  To  maintain  the  correct 
position  of  the  /3-turn,  R.  Freidinger  moved  the  N-methyl  group  to  Phe11  in 
the  cycloretro-enantiomer  leading  to  a  compound  (18)  with  about  1/10  the  potency 
of  the  parent  (15)  (Table  1).  Further  modification  of  the  D-Lys-Trp  /3-turn  by 
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Fig.  4.  Superposition  of  models  of  cyclic  hexapeptides  10  and  11  differing  only  in  chirality  at  Trp* 
The  t.-Trp  model  was  produced  from  model  10b  by  inversion  of  n-Trp  a-carbon,  a  flip  of  the  amide 
unit  between  Trp*  and  Lvs v  through  I8(T  and  50  cycles  of  energy  minimization  using  CHARMm  to 
achieve  a  reasonable  structure  at  a  local  minimum  nr  saddle  point. 

inversion  ot  configuration  at  each  center  gave  a  retro-cycloisomer.  19.  with  1/3 
the  potency  ot  the  parent  (compound  19)  (22.23  j.  Strict  application  of  the  retro- 
enantiomer  concept  to  the  bicyclic  series  (compound  9)  by  S.  Varga  gave  the 
previously  unreported  compound  17  which  showed  about  1/5  the  potency  of 
9.  (  Additional  modification  of  the  n-Lys-Trp  /3-turn  was  not  evaluated  in  this 
series,  i 

It  was  the  failure  of  compounds  such  as  these  retro-peptide  structures  to  show 
any  improvement  in  oral  availability  or  duration  ot  action  that  finally  convinced 
me  ot  the  need  tor  new  approaches  to  the  design  of  peptide  receptor  ligands, 
i.e..  approaches  totally  divergent  from  peptide  structure.  The  best  success  to 
date  in  design  ot  alternate  peptide  scaffolds  is  found  in  the  work  of  Hirschmann 
and  coworkers  wherein  a  sugar  nucleus  was  utilized  to  present  the  side  chain 
moieties  of  somatostatin  [24]. 

We  have  continued  to  see  over  the  years  that  the  constrained  analog  approach 
can  be  applied  to  diverse  peptide  classes.  Receptor  binding  groups  are  often 
presented  within  an  area  compatible  with  non-peptide  scaffolds.  This  has  been 
discussed  in  terms  of  a  binding  surface  of  10  A  ■  15  A  as  seen  in  the  cyclic 
hexapeptide  somatostatin  analogs  [25].  Studies  with  fibrinogen  receptor  antag¬ 
onists  (26]  and  oxytocin  antagonists  [27]  have  similarly  placed  key  binding 
elements  on  a  small  cyclic  peptide  scaffold.  Even  the  28-residue  peptide,  atrial 
natriuretic  (actor,  may  present  its  widely  separated  receptor  binding  elements 
in  this  ^mall  surface  area  when  folded  in  the  bioactive  conformation  [28].  Renin 
inhibitors  containing  the  transition  state  analog  ACHPA  [29]  can  be  simplified 
and  constrained  to  highly  potent  peptide  mimetic  structures  [30].  Notwithstanding 
the  great  strides  in  design  reflected  in  these  renin  inhibitors,  the  best  oral 
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availability  (-5%)  achieved  in  our  hands  relies  on  the  discovery  that  a  quinu- 
clidinium  group  can  enhance  the  duration  and  availability  of  this  compound 
class  [31]. 

Cholecystokinin  is  another  peptide  where  the  key  binding  elements  can  be 
constrained  in  a  cyclic  hexapeptide  [32].  In  this  case,  antagonists  derived  from 
a  screening  discovery  have  given  us  the  orally  active  benzodiazepines  specific 
for  CCK-A  [33,34]  and  CCK-B  [35,36]  receptors.  Such  oral  availability  is  a 
property  we  have  been  unable  to  obtain  by  design.  Indeed,  these  compounds 
are  so  divergent  from  the  peptide  scaffold  that  specific  connections  are  no  longer 
recognizable.  It  seems  inappropriate  to  refer  to  them  as  peptide  mimetic  or 
peptoid.  I  would  like  to  propose  the  term  ‘peptide  limetic’  as  a  contraction 
of  ligand  mimetic  to  describe  such  compounds.  This  term  has  the  advantage 
of  being  independent  of  agonist  or  antagonist  properties,  a  feature  especially 
pertinent  to  benzodiazepines  where  members  with  substituents  in  the  2-position 
simultaneously  show  antagonist  CCK-A  and  agonist  (*-opioid)  activity  [37],  More 
recently  the  literature  has  been  exploding  with  new  examples  of  peptide  limetics. 
These  include  antagonists  for  substance  P  [38],  vasopressin  (V,)  [39],  angiotensin 
II  [40],  and  endothelin  [41].  These  structures  are  so  divergent  from  peptides 
that  they  might  be  viewed  as  not  being  a  component  of  peptide  chemistry.  I 
feel  that  the  dynamic  growth  of  the  field  of  peptide  chemistry  is  a  reflection 
of  our  past  willingness  to  incorporate  such  new  aspects  of  chemical  science  into 
our  lexicon.  Such  novel  molecules  offer  the  most  direct  hope  of  broader 
application  of  the  groundwork  laid  in  classic  peptide  studies.  They  are  but  another 
stage  in  the  growth  of  our  field.  I  look  forward  with  excitement  to  the  promise 
they  imply. 
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Introduction 

Neuropeptide  Y  (NPY),  a  36-amino  acid  peptide  amide  and  member  of  the 
pancreatic  polypeptide  hormone  family  [1],  is  an  important  regulatory  peptide 
in  the  central  and  peripheral  nervous  system  [2].  Centrally,  NPY  stimulates  food 
intake  and  modulates  LH  secretion.  In  the  periphery,  neuropeptide  Y  is  a  potent 
vasoconstrictor  and  presynaptic  inhibitor  of  neurotransmission.  We  recently 
developed  a  new  type  of  high  affinity  analogs  of  NPY,  which  characteristically 
contain  a  N-terminal  segment  linked  to  a  C-terminal  segment  by  at-amino  alkanoic 
acids  [3,4],  The  residues  33  to  36  (Arg33-Gln34-Arg35-Tyr36-NH2)  were  shown 
to  be  essential  for  binding  of  NPY  to  the  receptor  in  rabbit  kidney  by  testing 
48  analogs  of  the  discontinuous  NPY  derivative  l-4-Ahx-25-36  (Ahx  =  6-amino- 
hexanoic  acid)  [5].  Here  we  report  on  analogs  containing  unusual  amino  acids, 
which  were  designed  to  approach  the  limit  of  tolerance  in  receptor  binding. 
Furthermore,  the  agonistic  activity  was  investigated  with  respect  to  structure- 
activity  relationships. 

Results  and  Discussion 

In  order  to  characterize  the  structural  properties  essential  for  binding  of  NPY 
to  its  receptor  in  rabbit  kidney,  the  amino  acids  of  the  C-terminal  pentapeptide 
were  exchanged  (Fig.  1).  Tyr36  proved  to  be  less  critical.  Amino  acids  with  aromatic 
side  chains  were  tolerated  with  the  exception  of  phenylglycine.  Arg33  and  Arg35 
could  only  be  replaced  by  homoarginine  [3].  Neither  analogs  with  the  basic 
residues  ornithine  or  lysine,  nor  citrulline,  homocitrulline  or  nitro-arginine  were 
recognized  by  the  receptor.  Replacing  Gin34  by  any  amino  acid  so  far  investigated 
(Pro,  Glu,  His),  decreased  receptor  binding.  Thr32  could  be  replaced  by  Gly, 
Ala,  Ser  and  allo-Thr  with  just  marginal  loss  of  affinity  but  D-Thr  was  not 
accepted.  We  suppose  that  the  loss  of  a-helical  content  of  this  analog  is  responsible 
for  the  reduced  binding  capacity.  C-terminal  analogs  with  up  to  six  replacements 
by  L-alanine  support  and  extend  this  hypothesis  (data  not  shown).  Analogs  with 
strong  amphiphilic,  a-helical  domain  in  the  C-terminal  part  increased  receptor 
binding  [6]  whereas  the  binding  capacity  was  significantly  reduced  for  analogs 
with  reduced  amphiphilicity. 
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32-D-Thr 
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Fig.  I.  Receptor  binding,  given  as  -Ig  (ICS0  [mol])  of  analogs  of  NPY  l-4-Ahx-25-36  on  rabbit  kidney 
membrane. 
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Table  1  Sequences,  receptor  binding  and  agonistic  activity  of  NPY  analogs 


Sequence  of  the  analog 

Recep'or  binding 
IC50  [nmol] 

Vas  deferens 
IC;o  [nmol] 

Blood  pressure 
EDW  [nmol] 

NPY 

YPSKPDNPGEDAPAEDMARYYSALR- 

HYINLITRQRY 

0.5 

19 

0.1* 

Ac-25-36 

Ac-RHYINLITRQRY 

160 

4400 

>500* 

l-4-Ahx-25-36 

YPSK-Ahx-RHYINLITRQRY 

2.9 

180 

OO 

U» 

•» 

Cyclo-l-4-Ahx-25-36  [Glu2-LysM] 
YESK-Ahx-RHYINKITRQRY 

3.5 

330 

>500b 

l-4-Ahx-25-36  [Gly2'] 
YPSK-Ahx-RHYINLGTRQRY 

41 

>10000 

>500b 

l-4-Ahx-25-36  [Tyr2'] 
YPSK-Ahx-RHYINLYTRQRY 

3.8 

700 

>500" 

*  Data  from  anesthetized  pithed  rats. 
b  Preliminary  data  from  anesthetized  intact  rats. 
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To  investigate  the  importance  of  the  N-terminal  part  and  the  interaction 
between  N-  and  C-terminal  residues  we  synthesized  cyclic  analogs,  linking  both 
segments  by  an  amide  bond.  Cyclo-NPY  l-4-Ahx-25-36  [Glu^Lys30]  bound  to 
the  receptor  as  tightly  as  the  linear  compound,  and  was  able  to  inhibit  the 
electrically  evoked  contractions  of  rat  vas  deferens.  However,  increase  in  blood 
pressure  seemed  to  be  strongly  reduced  (Table  1).  We  suggest  that  the  close 
contact  between  N-  and  C-terminal  residues  is  necessary  for  presynaptic  activity, 
whereas  increase  in  blood  pressure  is  triggered  by  different  structural  features. 
This  was  supported  by  data  on  the  biological  activity  of  NPY  l-4-Ahx-25-36 
[Gly31]  and  NPY  l-4-Ahx-25-36  [Tyr31].  Both  exhibited  high  binding  capacity, 
but  only  the  Tyr31  analog  seemed  to  be  able  to  act  in  the  vas  deferens  assay, 
possibly  because  of  its  size  and  hydrophobic  properties. 
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Introduction 

Calcitonin  (CT)  is  a  32-residue  cyclic  peptide  hormone  produced  by  the 
parafollicular  cells  of  the  thyroid  in  mammals  or  by  the  ultimobranchial  gland 
in  submammalian  vertebrates.  Isolation,  characterization,  synthesis,  structure- 
activity  relationships,  physiological  actions  and  therapeutic  applications  of  CTs 
have  been  reviewed  [1-6].  CT  regulates  calcium  homeostasis  by  inhibiting  the 
action  of  osteoclasts,  the  cells  involved  in  bone  resorption,  and  by  reducing 
osteoclastic  volume  [7],  Its  primary  physiological  role  appears  to  be  the 
maintenance  of  skeletal  integrity  during  periods  of  calcium  stress  such  as  growth, 
pregnancy  and  lactation  [8].  CT  is  also  reported  to  produce  receptor  mediated 
analgesia  in  the  central  nervous  system  [9].  The  combination  of  hypocalcemic 
and  analgesic  properties  of  CT  make  it  an  excellent  agent  for  the  treatment 
of  disorders  associated  with  hypercalcemia,  excessive  bone  resorption  and  bone 
pain.  Synthetic  human  (hCT),  salmon  (sCT)  and  a  derivative  of  eel  (Elcatonin®) 
hormones  are  used  clinically  for  the  treatment  of  Paget’s  disease,  osteoporosis 
and  the  hypercalcemia  of  malignancy.  sCT.  differing  from  hCT  in  16  of  the 
32  amino  acids,  is  reported  to  produce  antibodies  in  a  significant  number  of 
patients  [10]  and  other  reports  indicate  that  hCT  is  effective  in  treating  patients 
who  have  developed  clinical  resistance  to  sCT  [11].  hCT,  however,  has  a  short 
half  life  and  low  potency  (150  to  200  IU/mg)  compared  to  sCT  (4000  IU/mg). 
The  present  study  was  undertaken  with  the  objective  of  preparing  new  high 
potency  molecules  which  closely  resemble  hCT  and  are,  therefore,  expected  to 
be  less  antigenic  than  sCT. 


Table  1  Structures  and  hypocalcemic  potencies  ofhCT  and  sCT 


Amino  acid  sequenceh 

PotencyJ 

1  1 

hCT:  CGNLSTCMLGTYTQDFNKFHTFPQTAIGVGAP-NHi 

sCT:  -  S . V  -  -  KLS-  ELH-LQ-Y  -  R-NT-S  -  T  — NH: 

150-  200  IU/mg 

4000  IU/mg 

*  Hypocalcemic  potencies  were  measured  by  their  abilities  to  reduce  serum  calcium  levels  in  immature 
male  rats  by  the  MRC  method  [12], 

b  In  the  sCT  sequence,  only  the  residues  that  are  different  than  hCT  are  shown. 
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Results  and  Discussion 

Analogs  of  hCT  reported  in  this  study  were  prepared  by  the  Merrifield  solid 
phase  method  on  MBHA  resin,  purified  to  greater  than  95%  purity.  Varying 
doses  of  peptides  dissolved  in  physiological  saline  containing  0.1%  BSA  were 
administered  subcutaneously  to  male  rats  (Sprague  Dawley,  average  weight  100 
to  150  grams,  3  to  5  animals  each  dose),  fasted  overnight.  After  60  min,  aortic 
blood  was  withdrawn  and  the  serum  calcium  was  determined.  A  standard 
preparation  of  hCT  (MRC  Standard  180  IU/mg)  and  sCT  (4000  IU/mg)  were 
included  in  all  bioassays  for  comparison.  Structures  and  hypocalcemic  potencies 
of  the  synthetic  analogs  are  listed  in  Table  2. 


Table  2  Properties  of  hCT,  hCT  analogs  and  sCT 


Compound 

Potency4 

hCT 

150-  200  IU/mg 

[Leu»l-hCT 

500  IU/mg 

[Leu8l2]-hCT 

2000  IU/mg 

[Leu812  l6]-hCT 

2000  IU/mg 

[Leu°l-hCT 

200  IU/mg 

[Leu°-8l-hCT 

2000  IU/mg 

[Leu°-8l2]-hCT 

4000  IU/mg 

[Leu0-812  l(l]-hCT 

4000  IU/mg 

sCT 

4000  IU/mg 

4  See  Table  1. 


Systematic  substitutions  of  L-leucine  at  various  positions  of  the  hCT  sequence 
led  to  the  discovery  of  [Leu8]-hCT.  This  compound  in  which  the  labile  Met 
is  replaced  by  Leu,  was  noted  to  be  2  to  3  times  more  potent  than  hCT.  The 
potency  of  this  molecule  is  enhanced  significantly  by  an  additional  leucine 
substitution  at  position  12.  Thus,  [Leu8-'2]-hCT  has  a  potency  of  2000  IU/mg. 
However,  [Leu81216]-hCT  also  showed  the  same  level  of  potency  indicating  that 
modifications  to  the  middle  portion  of  the  hormone  may  not  enhance  the  activity 
any  further.  Subsequently,  a  novel  series  of  compounds  were  prepared  by 
introducing  an  additional  aliphatic  residue  to  the  N-terminal  of  the  molecule 
in  order  to  make  the  compounds  less  susceptible  to  aminopeptidase  action.  The 
first  analog  in  this  series,  [Leu°]-hCT,  was  observed  to  be  equipment  with  hCT. 
However,  combining  8  and  12  or  8,  12  and  16  position  Leu  modifications  with 
the  addition  of  a  Leu  residue  at  position  0  of  hCT  resulted  in  compounds  which 
are  equipment  with  sCT.  Studies  of  the  course  of  the  calcium  lowering  showed 
that  these  superpotent  hCT  analogs  were  active  for  up  to  6  h  compared  to 
2  h  for  hCT  under  similar  dosing  conditions.  [Leu08l2]-hCT,  having  only  3 
amino  acid  substitutions  in  the  native  hCT  sequence,  is  expected  to  be  less 
antigenic  to  humans  than  sCT  which  differs  in  16  positions  from  hCT.  Since 
these  compounds  contain  only  L-amino  acids  it  is  possible  to  produce  them 
by  recombinant  DNA  technology. 

Enhanced  potency  and  increased  duration  of  action  may  make  these  hCT 
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Enhanced  potency  and  increased  duration  of  action  may  make  these  hCT 
analogs  excellent  second  generation  alternatives  to  sCT,  eCT  and  hCT  for  treating 
bone  disorders  and  hypercalcemia. 
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Introduction 

Dipeptidylpeptidase-IV  (DPP-IV)  rapidly  degrades  and  inactivates  GRF  both 
in  vitro  [1-3]  and  in  vivo  [1]  via  hydrolysis  of  the  Ala2-Asp3  bond.  DPP-IV 
has  been  reported  to  remove  N-terminal  dipeptides  X-Pro,  X-Ala  or  X-Hyp 
from  N-terminallv  unsubstituted  oligopeptides.  A  pharmacodynamic  model, 
based  on  [4],  was  developed  to  evaluate  the  .Jative  importance  of  GRF 
pharmacokinetics  and  peptide  inherent  potency  with  respect  to  growth  hormone 
(GH)  release  in  vivo.  Computer  simulations  revealed  that  the  most  efficient 
way  to  increase  the  duration  of  drug  action  in  vivo,  without  increasing  its  dose, 
is  to  extend  drug  half-life,  other  factors  remaining  constant  (data  not  shown). 
Based  on  die  prediction  of  this  model,  we  replaced  Ala2  in  [Leu27]bGRF(  1- 
29)NH:  (parent  peptide,  1)  with  Glv,  Ser,  or  Thr  (analogs  2,  3  and  4,  respectively) 
with  the  goal  of  converting  GRF  into  a  poor  substrate  for  DPP-IV.  thus  improving 
its  metabolic  stability.  Additionally,  a  [Gly15]  —  [Ala'^j  modification  was  im¬ 
plemented  since  such  a  replacement  c  i  increase  GRF  inherent  potency  [5]. 

Results  and  Discussion 

All  three  position  2  modifications  resulted  in  analogs  more  metabolically  stable 
than  1  in  bovine  plasma  in  vitro  with  either  no  cleavage  (2),  moderate  (3)  or 
minimal  cleavage  (4)  after  the  residue  at  position  2.  Despite  low  inherent  GH- 
releasing  potencies  in  bovine  anterior  pituitary  cell  cultures  in  vitro  (2,  8.4%; 
3,  24%;  4,  8.1%;  vs.  1,  100%)  all  three  position  2  modified  analogs  had  GH- 
rcleasing  activity  similar  to  bGRF(l-44)NH2  (native  hormone)  and  1  (Fig.  1) 
in  an  in  vivo  steer  model  [6].  The  [Gly15]  —  [Ala1--]  modification  further  increased 
analog  stability  in  bovine  plasma  in  vitro  as  reflected  by  the  analogs  half-life 
expressed  in  minutes:  1,  41;  2,  309;  '  ily2,Ala15]  (5),  377;  3,  260;  [Ser2, Ala15] 
(6).  360;  4,  334;  [Thr2, Ala15]  (7),  375;  and  [Ala15]  (8),  87.  In  a  separate  exneriment 
wi;h  a  purified  porcine  kidney  DPP-IV  preparation,  the  GRF  fragment  (3-29) 
was  generated  from  3,  6  and  to  a  lesser  extent  from  4  and  7.  This  finding  extends 
the  DPP-IV  specificity  to  include  also  X-Ser-  and  X-Thr-substrates.  All  three 
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Fig.  1.  Serum  bGH  levels  after  a  single  /»  injection  of  GRF  analogs  (analog  number  in  parentheses) 
at  0.0 1  nmol/kg  in  the  meal-fed  steer  model  of  Moseley  et  al.  [6).  Note  that  analogs  I.  2.  3.  4. 
5.  6  ami  8  were  not  statistically  different  (p<0.05)  from  bGRF(l-44)NH:  nor  from  each  other  while 
7  »  as  twice  as  active  as  bGRF(l-44)NH:. 


position  2  [Alal5]-modified  analogs  were  more  active  than  their  singly  position 
2-modified  counterparts  in  pituitary  cell  cultures,  however,  their  performance 
was  significantly  below  that  of  the  native  hormone  (Fig.  2).  [Thr2,Alal5,Leu2  ] 
bGRF(l-29)NH2  (7)  was  identified  as  a  super-potent  analog  in  vivo  in  steers 
despite  its  relatively  low  inherent  bioactivity.  Although  the  [Ser2,Ala15]  analog 
(6)  displayed  similar  GH-releasing  activity  to  7  in  vitro,  6  was  less  potent  than 
7  in  vivo.  It  is  feasible  under  in  vivo  conditions,  where  the  overall  tissue  and 
organ  DPP-IV  levels  may  be  ca.  100-fold  higher  than  the  plasma  concentrations 
[8],  that  the  relatively  slow  cleavage  of  the  Ser2-AspJ  bond  in  6  observed  in 
plasma  in  vitro  could  have  been  greatly  amplified  lowering  metabolic  stability 
of  this  peptide  in  vivo.  On  the  other  hand,  although  both  the  [Gly2,Ala15]  analog 
(5)  and  2  were  stabilized  against  DPP-IV,  their  in  vivo  performance  was  not 
different  from  the  native  GRF  and  could  reflect  these  analogs’  very  low  inherent 
potency  and  efficacy  in  vitro.  These  data  indicate  that  both  inherent  potency 
and  metabolic  stability  are  important  for  peptide  performance  in  vivo,  however, 
the  examples  shown  in  this  study  highlight  a  greater  contribution  coming  from 
improved  metabolic  stability  which  can  override  low  inherent  potency  and  result 
in  full  or  even  enhanced  analogs  performance  in  vivo. 
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Fit;.  2.  Effects  of  GRF  analogs  on  bGH  release  in  bovine  anterior  pituitary  cell  cultures  in  vitro. 
Assay  conditions  as  described  in  ( 7 /.  Std  denotes  bGRFt  l-44)NH:  (native  hormone).  ■»>•*•••*<••'  f  alues 
with  different  superscripts  are  significantly  different  (p<0. 2). 
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Introduction 

Proinsulin  and  Insulin-like  Growth  Factor  I  (IGF-I)  are  members  of  a  family 
of  regulatory  hormones  that  are  characterized  by  a  high  degree  of  sequence 
homology.  Insulin  and  IGF-I  share  certain  biological  functions  and  cross-react 
to  a  variable  degree  with  each  other’s  receptors.  To  examine  the  molecular  basis 
of  the  specific  activities  inherent  to  each  hormone,  insulin  and  IGF-I  related 
peptides  were  prepared  by  solid  phase  peptide  synthesis.  A  specific  analog  of 
insulin  in  which  the  naturally  occurring  B28,  29  amino  acids  Pro,  Lys  were 
inverted  to  the  IGF-I  sequence  of  Lys,  Pro  was  observed  to  be  a  fast-acting 
insulin  agonist. 

Results  and  Discussion 

The  synthesis  of  human  insulin  and  related  peptides  was  achieved  through 
mixed  disulfide  formation  of  A-  and  B-chains  prepared  by  automated  solid  phase 
based  methodology.  The  synthetic  human  insulin  was  purified  by  high  perfor¬ 
mance  chromatography  and  its  physical  and  biological  properties  shown  to  be 
indistinguishable  from  a  standard  prepared  by  rDNA  techniques.  The  chemical 
preparation  of  the  respective  peptide  chains  employed  conventional  methods 
for  Boc/Bzl/PAM  resin  synthesis.  Of  general  synthetic  importance  was  the 
diminished  yield  that  was  directly  attributable  to  the  multiple  cysteine  residues. 
Previously,  we  had  reported  more  than  a  two-fold  reduction  in  A-chain  yield 
due  to  the  four  cysteines  [1], 

The  source  of  this  inefficiency  was  explored  through  preparation  of  a  doubly 
cysteine-substituted  glutamic  acid  B-chain.  The  individual  substitution  of  each 
B-chain  cysteine  residue  with  glutamic  acid  was  also  completed.  The  presence 
of  each  cysteine  residue  was  found  to  independently  and  additively  detract  from 
the  quality  of  the  B-chain  synthesis,  with  minimal  importance  seemingly  associated 
with  their  specific  location.  The  disubstituted  analog  of  B-chain  was  obtained 
at  a  total  yield  that  exceeded  the  natural  peptide  by  approximately  70%,  while 
each  monosubstituted  peptide  was  prepared  at  an  equally  elevated  level  of  30%. 
These  results  indicate  that  the  loss  is  unlikely  to  be  a  cumulative  function  of 
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chain  assembly.  HF-treatment  or  acidolytic  removal  of  the  t-Boc  protecting  group 
from  the  N-terminal  cysteine  are  likely  points  for  irreversible  loss. 

Heterodimeric  IGF-I  peptides  were  synthetically  prepared  by  disulfide  com¬ 
bination  of  an  IGF-I  B-chain  (beginning  with  Gly2  and  terminating  with  Thr30, 
by  insulin  numbering)  with  either  IGF-I  A-chain  or  a  single  linear  peptide 
representing  IGF-I  A-  and  B-chains.  Each  combination  displayed  an  appreciable 
formation  of  the  inappropriately  paired  disulfide  isomer  of  IGF-I  that  were 
previously  characterized  as  A6-B7,  A7-A11  [2,3],  Special  attention  was  directed 
at  high  performance  chromatographic  removal  of  these  weakly  potent  impurities. 

Analysis  of  binding  in  human  placenta  lymphocytes  revealed  that  sequential 
removal  of  the  IGF-I  C  and  D  chains  increased  the  insulin  receptor  potency 
relative  to  insulin  from  1%  to  15%  [Table  1].  The  results  stand  in  apparent 
contrast  to  the  lower  insulin  receptor  affinities  of  similarly  structured  IGF-I 
peptides  reported  by  Katsoyannis  et  al.  [4],  The  IGF-I  receptor  potency  relative 
to  IGF-I  decreased  from  100%  to  10%  with  removal  of  the  C-peptide  and  remained 
constant  with  further  removal  of  the  D-region.  The  IGF-I  peptide  equivalent 
to  insulin  (B-A)  represents  a  hybrid  ligand  that  exhibited  nearly  equal  binding 
affinity  to  each  receptor  studied. 


Table  1  Receptor  binding  affinity  of  insulin-like  peptides 


Peptide 

IGF-I  Receptor 

Insulin  Receptor 

IGF-I  (BCAD) 

0.58  nM  ( 100#) 

33. 10  nM  (0.9%) 

B-AD 

5.75  nM  (10.1%) 

5.00  nM  (6.0%) 

B-A 

5.80  nM  (10.0%) 

2.05  nM  (14.6%) 

Insulin  (b-a) 

179  nM  (0.3%) 

0.30  nM  (100%) 

An  important  difference  that  we  determined  for  IGF-I  and  insulin  is  that 
the  latter  self-associates  with  appreciable  affinity.  It  is  known  from  X-ray  analysis 
that  the  C-terminal  regions  of  the  B-chains  align  in  an  anti-parallel  /3-sheet  [5]. 
The  midpoint  of  this  association  is  formed  by  PheB25  interaction  with  the  same 
region  of  the  second  monomer.  Insulin  and  IGF-I  are  highly  homologous  in 
the  C-terminal  region  of  their  B-chains.  A  notable  change  is  that  the  invariant 
Pro828  residue  of  insulin  is  inverted  with  LysB29.  Deletion  of  the  C-terminal 
pentapeptide  of  insulin  is  known  to  yield  a  highly  potent  agonist  [6].  Consequently, 
it  was  reasoned  that  the  invariant  proline  at  B28  was  critical  to  self-association 
of  insulin  to  hexamer  for  proper  pancreatic  islet  processing  and  storage.  The 
Lys828,  Pro829  insulin  analog  was  designed  to  be  a  weakly  associating  insulin 
that  might  diffuse  more  quickly  from  subcutaneous  injection  to  plasma  circulation 

VI 

The  Lys-Pro  insulin  displayed  extremely  weak  self-association  as  examined 
by  circular  dichroism,  ultracentrifugation,  and  gel  permeation  chromatography. 
Individual  substitution  of  B28  and  B29  yielded  insulin  analogs  with  appreciably 
stronger  associating  properties  indicating  that  each  change  relative  to  IGF-I 
is  of  importance.  The  further  substitution  of  His810  with  Asp  in  the  Lys828, 
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Fig.  1.  LysBlg.ProB>l>  vs.  humulin  R  in  normal  volunteers.  10  units  s.c.  injection,  mean  (SEM),  N—9. 

Pro829  insulin  was  found  to  completely  suppress  any  tendency  to  self-association. 
Once  again,  the  change  is  consistent  with  the  naturally  occurring  acidic  residue 
that  normally  resides  at  this  position  in  IGFs. 

The  Lys82*,  Pro829  insulin  proved  to  be  a  fully  potent  insulin  agonist  by  in 
vitro  binding  assessment  relative  to  insulin  in  IM-9  lymphocytes,  glucose  transport 
in  isolated  rat  adipocytes  and  acute  blood  glucose  lowering  in  normal  rates. 
This  analog  displayed  a  more  rapid  onset  and  disappearance  of  action  in  normal 
dogs  and  human  volunteers.  The  time  action  of  LysB2S.  Pro829  insulin  more 
closely  approximates  the  normal  physiological  response  to  a  meal  (Fig.  1).  Clinical 
studies  are  currently  ongoing  to  assess  the  degree  of  improvement  in  diabetes 
management  that  might  be  achievable  through  use  of  this  fast-acting  insulin 
analog. 
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Introduction 

Insulin-like  peptides  represent  an  ancestral  and  highly  conserved  motif  of 
protein  folding  and  as  a  class  provide  an  important  model  for  the  study  of 
protein  dynamics  in  macromolecular  recognition.  Insulin,  the  most  highly 
characterized  member  of  this  class,  is  composed  of  two  polypeptide  chains,  the 
A-chain  (21  residues)  and  the  B-chain  (30  residues)  linked  by  two  disulfide  bonds. 
Both  chains  contribute  to  the  molecular  surface  involved  in  recognition  by  the 
insulin  receptor  [1] .  Interest  in  structure-function  relationships  has  recently  been 
stimulated  by  the  application  of  protein  engineering  to  insulin  as  a  target  for 
rational  drug  design  [2],  In  this  paper  we  describe  isotope-aided  'H  NMR  studies 
of  a  series  of  insulin  analogs  that  exhibit  altered  self-association  and  pharma¬ 
cokinetic  properties  [3,4],  The  aim  of  these  studies  is  to  determine  the  structure 
and  dynamics  of  an  engineered  insulin  monomer  under  physiological  conditions. 
By  correlating  structure  with  function,  such  studies  may  establish  design  rules 
for  modified  insulins  as  a  model  for  targeted  peptide  and  protein  modification 
in  molecular  pharmacology. 

Results  and  Discussion 

Self-association  of  insulin  in  solution  has  precluded  2D  NMR  study  under 
physiological  conditions.  Such  limitations  may  be  circumvented  by  the  use  of 
a  monomeric  analog  that  contains  three  amino  acid  substitutions  on  the  protein 
surface  (His810  — Asp,  Pro828  — Lys,  and  Lys829  — Pro);  this  analog  (designated 
DKP-insulin)  retains  native  receptor-binding  potency  (Table  1).  Comparative 
'H  NMR  studies  of  native  human  insulin  and  a  series  of  three  related  analogs 
-  (i)  the  singly  substituted  analog  [His810  —  Asp],  (ii)  the  doubly  substituted  analog 
[Pro828  —  Lys:  Lys829  —  Pro],  and  (iii)  DKP-insulin  -  demonstrate  progressive 
reduction  in  concentration-dependent  linebroadening  (Fig.  1)  in  accordance  with 
the  results  of  analytical  ultracentrifugation  (Table  1).  Extensive  nonlocal  in- 
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Table  1  Relative  receptor-binding  affinities  and  oligomeric  states  of  insulin  analogs 


Analog 

Potency1 

Oligomeric  state6 

Native  Human  insulin 

1 

4 

[HisBI°  —  Asp] 

2 

2 

[Pr0B2s  Lys;  LysB2S  -  Pro] 

1 

1.8 

[His810  —  Asp;  Pro828  —  Lys;  Lys820  —  Pro] 

2 

1 

J  Relative  affinity  for  lectin-purified  insulin  receptor. 

b  Analytical  ultracentrifugation  done  at  the  protein  concentration  and  conditions  of  NMR  study. 


teractions  are  observed  in  the  NOESY  spectrum  of  DKP-insulin,  indicating  that 
this  analog  adopts  a  compact  and  stably  folded  structure  as  a  monomer  in  overall 
accord  with  crystal  models  (Fig.  2).  Assignment  has  been  obtained  by  the 


Fig.  I.  Aromatic  and  methyl  regions  of  500  Mhz  ‘H  SMR  spectra  in  W  98961}.  D:0  at  pH  8  and 
57°  C  of  (A)  native  human  insulin.  (B)  HisBltt  —  Asp  insulin.  (C)  [ProB:f  —  Lys;  Lys8-'9  —  Pro /  insulin, 
and  ( D )  DKP-insulin.  Assignment  of  resonances  a-u  in  panel  D  are  given  in  [4],  Arrows  in  panels 
B  and  C  indicate  C ;H  resonance  of  HisBS.  whose  chemical  shift  is  sensitive  to  dimerization;  the  His8'- 
C;H  resonance  in  DKP-insulin  is  labeled  a  in  panel  D. 
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Fig.  2.  ,V OES  Y  spectrum  of  DKP-insulin  exhibits  numerous  inter-residue  effects:  the  mixing  time 
H0j  200  ms. 

sequential  method  in  conjunction  with  selective  2H,  l?C,  and  ,5N  isotopic  labeling 
by  semisynthesis  [4],  The  results  are  similar  to  the  2D  NMR  analysis  of  native 
insulin  recently  published  in  20%  acetic  acid  [5]  and  extend  the  latter  study 
to  physiological  conditions. 

Distance-geometry/simulated  annealing  (DG/SA)  calculations  demonstrate 
that  the  overall  insulin  fold  is  maintained  in  a  solution  monomer  (Fig.  3).  However, 
comparison  of  the  experimental  NOESY  spectrum  with  predicted  NOESY  spectra 
‘backcalculated’  from  crystal  models  and  from  solution  DG/SA  structures 
indicates  that  significantly  fewer  interresidue  contacts  are  stably  maintained  in 
solution  than  in  static  models.  The  resulting  ensemble  of  DG/SA  structures  suggest 
that  the  insulin  monomer  is  flexible  in  solution,  with  variations  observed  in 


Fig.  3.  Solution  structure  of  insulin  based  on  distance-geometry/simulated  annealing  reconstruction. 
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relative  a-helical  orientation.  Thus,  individual  DG/SA  structures  differ  from 
the  crystal  state,  but  on  average  span  the  range  of  different  (T-state  [1])  crystal 
forms  [6].  Insulin  flexibility  is  likely  to  play  a  critical  role  in  the  mechanism 
of  receptor  binding  and  may  be  further  investigated  by  comparative  2D  NMR 
studies  of  insulin  analogs. 
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Introduction 

Over  the  years,  we  have  designed,  synthesized  and  tested  several  hundred 
linear  and  cyclic  analogs  of  the  hypothalamic  hypophysiotropic  factors  GnRH, 
Somatostatin  (SS),  GRF  and  CRF.  From  extensive  investigation  of  these  peptides, 
observations  were  made  that  support  general  strategies  for  the  development  of 
agonists  and  antagonists.  A  key  approach  is  the  identification  of  the  active/ 
binding  core  of  a  peptide,  which  is  generally  obtained  through  peptide  fragment 
studies.  While  des-Gly10-GnRH  is  only  ten  times  less  potent  than  GnRH,  further 
deletions  lead  to  inactive  analogs;  the  active  core  of  GRF  was  identified  to 
encompass  residues  1  to  29  and  that  of  CRF  to  encompass  residues  5  to  41. 
Yet,  in  the  case  of  des-Ala-Gly-SS  which  is  equipment  to  SS,  further  deletion 
of  two  residues  at  one  time  also  led  to  active  analogs  [1]  ultimately  allowing 
the  identification  of  Phe7-Trp8-Lys9-Thr10  as  the  core  responsible  for  binding 
and  activation  of  the  receptor  (see  Pierce  Award  Lecture  by  D.  Veber).  A 
complementary  approach  involves  the  definition  of  the  structural  and  functional 
role  of  each  residue.  This  information  can  be  obtained  in  some  cases  by 
investigating  the  effect  of  o-amino  acid  and  alanine  substitutions  and  by  the 
introduction  of  structural  constraints.  Three  specific  issues  have  to  be  addressed: 
a)  At  which  positions  should  bridgeheads  be  introduced?  b)  What  should  the 
chirality  of  the  bridgehead  be?  c)  What  should  the  length  of  the  bridge  be? 
In  this  paper  we  will  stress  that  if  constrained-structure/biopotency  relationships 
are  to  be  used  to  draw  conclusions  about  the  bioactive  conformation  of  a  peptide, 
judicious  choice  (or  optimization)  of  the  bridging  units  has  to  have  been  achieved. 
Furthermore,  a  distinction  has  to  be  drawn  between  the  impact  of  such 
substitutions  in  short  (e.g.,  GnRH,  SS)  and  long  (e.g.,  GRF,  CRF)  bioactive 
peptides. 

Results  and  Discussion 

From  the  complete  D-scans  of  GnRH,  SS,  [Nle27]GRF(l-29)  and  CRF(5- 
41),  we  have  found  that  [D-Ala6]GnRH  [2],  [D-Trp8]Somatostatin  [3],  [D-Ala2]-, 
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[D-Ser8]-,  [o-Tyr'O]-,  [D-Lys21]-,  [D-Asn28]-  and  [D-Arg29]-[Nle27]GRF(l-29)-NH2 
(Rivier  et  al.  unpublished  results)  and  [D-Phe12]-,  [d-G1u20]-oCRF  (Rivier  et  al. 
unpublished  results)  were  significantly  more  potent  than  the  corresponding  native 
hormones.  From  structural  studies  it  is  clear  that  these  D-substitutions  of  GnRH 
and  SS  will  stabilize  a  /3-turn,  whereas  there  is  strong  evidence  (CD  and  NMR) 
that  a  significant  portion  of  the  binding  core  of  GRF  and  CRF  assumes  an 
a-helical  conformation  [4,5]  encompassing  the  positions  that  will  tolerate  the 
introduction  of  a  D-residue. 

Short  bioactive  peptides 

Small  bioactive  peptides  likely  interact  with  their  receptors  by  assuming  a 
tightly  packed  conformation.  This  conformation  can  be  favored  often  by  the 
introduction  of  a  D-amino  acid  at  or  next  to  position  n/2  +1  (n  being  the  number 
of  amino  acids  of  the  native  peptide  or  of  its  bioactive  core).  The  most  salient 
examples  are  [D-Xaa6]GnRH,  [D-Trp8]SS,  [D-Phe7]a-MSH,  and  [D-TyrM]Bom- 
besin(7-13).  It  is  postulated  that  the  D-amino  acid  will  promote  and  stabilize 
a  turn  bringing  the  N-  and  C-termini  in  close  proximity  presenting  side  chain- 
side  chain  bridging  opportunities.  This  is  now  being  investigated  by  several  groups 
and  our  data  on  bicyclo(4-10/5-8)GnRH  [6,7]  is  an  example  whereby  a 
constrained  antagonist  was  found  to  be  only  half  as  potent  as  the  corresponding 
linear  analog  if  bridge  lengths  and  directions  were  optimized,  in  spite  of  the 
fact  that  single  substitution  of  any  of  these  bridgehead  residues  led  to  inactive 
analogs.  Whereas  optimization  of  bridge  length  can  be  facilitated  by  modeling, 
in  the  absence  of  a  working  model  of  the  structure  of  the  receptor,  bridge  direction 
(CO-NH  versus  NH-CO)  must  be  obtained  experimentally.  The  effect  of  bridge 
optimization  on  biopotency  is  best  exemplified  in  the  case  of  GnRH  whereby 
the  optimal  ring  size  (compare  results  for  3-5)  and  amide  bond  direction  (compare 
results  for  2  and  3)  must  be  achieved  in  order  to  confer  on  these  analogs  maximal 
potency. 

Long  bioactive  peptides:  CRF  and  GRF 

Whereas  short  bioactive  compounds  are  not  observed  to  be  helical,  helicity 
and  amphiphilicity  often  characterize  long  peptides.  Because  physicochemical 
evidence  suggests  that  GRF  and  CRF  assume  an  a-helical  structure  in  solution, 
we  have  searched  for  structural  constraints  that  would  unequivocally  lock  such 
conformation.  Side  chain-side  chain  bridging  offers  such  opportunity.  Whereas 

Table  1  Cyclic  GnRH  antagonists:  role  of  bridge  length  and  direction  on  potency 
Compound  AOAa 

1  [ Ac-D-Nal1,  D-Fpa2.  n-Trp3,  o-Arg6]  GnRH  1.0(0/10) 

2  c>c/o(4-10)(Ac-D-Nall,D-Fpa2,D-Trp5,Dpr‘,D-Arg6,Aspl0]-GnRH  10  (7/10),  25  (0/10) 

3  cyc/o(4-10)(Ac-D-Nall,  D-Fpa2, D-Trp3, Asp4,  D-Arg^Dpr'^-GnRH  1.0(2/10),  2.5(0/10) 

4  cyc/o2(4-10){Ac-D-Nall,D-Fpa2,D-Trp3,Asp4,D-Arg6,Dbrl0]-GnRH  100  (3/3),  250  (0/4) 

5  cyc/o(4-10)(Ac-D-Nall,D-Fpa2,D-Trp,,Asp4,D-Arg6,Oml0]-GnRH  1000  (5/5) 

a  AOA  antiovulatory  assay:  dosage  in  micrograms  (rats  ovulating/total). 
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Table  2  Relative  potencies  of  cyclic  GRF  agonists  and  CRF  antagonists 


Compound 

Relative  potency* 

Cyclic  GRF  analogs 

6  cvc/o(25-29){MeTyri,Ala|5,Cys25,Nle27,D-Cysw]-rGRF(l— 29)-NH2 

7  cyc/o(25-29XMeTyr',AlaU,D-Cys25,Nle27,Cys»]-rGRF(l-29)-NH2 

8  cyc/o(25-29XMeTyr',AlaU,D-Cys2j,Nle27,Pen»]-rGRF(l-29)-NH2 

Cyclic  CRF  analogs 

9  cyc/o(17-20XD-Phel2,Cysl7M,Nle21-38l-rCRF(12-41)NHi 

10  cvc/o(20-23XD-Phel2.D-Glu20,Lys23,Nle21«]-rCRF(12-4"lFNH, 

11  .:yc/<X20-24)[D-Phe,2,D-Gtu20,Lys24.Nle2U8]-rCRF(12-4l)-NH2 

12  cvc/0(2O-25XD-Phel2,D-Glu2O,Lys25,Nle2U8VrCRF(12-ll)-NHi 

1.1  (0.7-1. 8) 

2.0  (1. 3-3.0) 

1.3  (0.72-2.22) 

0.5  (0.2- 1.1) 

0.49(0.261-0.924) 

0.19(0.068-0.479) 

0.05  (0.023-0.099) 

1  Relative  potency  with  95%  confidence  limits.  Standards:  GRF,  hGRF(l-40)-OH  =  1; 

CRF,  (D-Phe)2,Nle21-18]-rCRF(I2-41)  NH->=  I. 
rCRF(  12-41):  FHLLREVLEMARAEQLAQQAHSNRKLMEII-NH, 
rGRF(l-29) :  HADA1FTSSYRRILGQLYARKLLHEIMNR-NH2 
hGRF(l-29)  :  YADAIFTNSYRKVLGQLSARKLLQDIMSR-NHj 

Felix  et  al.  took  advantage  of  putative  salt  bridges  as  the  rationale  for  the  location 
of  bridgeheads  in  GRF  [8];  we  introduced  bridgeheads  at  positions  where  (at 
least  for  one  of  the  bridgeheads)  a  D-residue  increased  potency.  Preliminary 
results  (Table  2)  suggest  that  this  rationale  has  some  predictive  value. 

In  the  case  of  GRF  we  introduced  i(i+4)  bridges  (6-8)  and  found  that  chirality 
(6,  7)  and  introduction  of  steric  hindrance  (8)  at  the  bridgeheads  does  influence 
biopotency  significantly  (Table  2). 

In  the  case  of  CRF  antagonists,  we  first  introduced  i-(i-3)  and  i-(i+3)  bridges 
(9,  10).  Results  indicating  that  the  peptides  were  half  as  potent  as  the  parent 
analog  suggested  that  both  bridges  were  equally  accepted  but  also  that  further 
optimization  could  be  achieved.  To  gain  further  insight,  we  investigated  the 
dynamic  conformational  behavior  of  [Nle21’38]rCRF(12-41),  a  potent  competitive 
antagonist  of  CRF.  During  a  molecular  dynamics  simulation  in  vacuo,  a  new, 
highly  stable  secondary  structural  form  arose  which  we  have  tentatively  termed 
the  £-(zeta)  helix.  The  new  helical  form  has  definite  amphipathic  character  with 
a  hydrophilic  swath  running  almost  the  entire  length  of  the  helix,  seven  turns, 
involving  Arg16-35,  Glu1720-25  39,  Gin2629-30,  and  Asn34.  This  feature  has  a  single 
disruption  at  Nle21  which  imparts  a  ‘screw  axis’  to  the  hydrophilic  swath.  The 
opposing  face  of  the  helix  is  dominated  by  two  pronounced  hydrophobic  regions 
which  involve  every  hydrophobic  residue  with  the  exception  of  Phe12  and  Nle2138. 
In  order  to  further  characterize  this  helical  form,  a  model  system  (polyalanine, 
23  residues  long)  was  used  to  map  the  conformational  space  near  the  residue- 
averaged  0-i/r  values  of  the  [Nle2l-38]rCRF(12-41)  minimum  energy  structure; 
the  results  of  this  analysis  are  given  in  Table  3  along  with  the  corresponding 
values  for  a-  and  tr-helices.  In  order  to  test  whether  the  £-helix  is  a  possible 
binding  mode  for  CRF  antagonists,  two  additional  lactam  bridged  CRF  analogs 
(II,  12)  were  synthesized  (Table  2)  employing  d-G1u20  and  Lys  at  positions  24 
or  25,  In  the  a-helical  form,  the  Ca-Ca  distance  between  d-GLu20  and  positions 
23,  24  and  25  would  be  5.2,  6.3,  and  9.2  A,  respectively.  Alternatively,  in  a 
^-helical  form  these  interresidue  distances  would  be  6.0,  5.2,  and  6.5  A,  respec- 
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Table  3  Comparison  of  the  properties  of  a-,  n-  and  ([-helices 


Property 

a 

Helix  Type 

7T 

l 

(-65,  -40) 

(-30.  -90) 

(-75,  -55) 

Angular  displacement  per  residue  (°) 

100 

84 

80 

Residue/turn 

3.6 

4.3 

4.5 

Linear  displacement  per  residue  (A) 

5.4 

4.7 

5.4 

Helix  diameter(A) 

4.6 

5.6 

5.1 

H-bond  pattern 

1-5 

1-5 

1-6 

H-bond  average  distance  (A) 

2.5 

2.8 

2.1 

tively.  As  shown  in  Table  2,  as  the  size  of  the  lactam  side-chain  bridge  increases, 
the  relative  potency  decreases  dramatically.  From  these  data  we  conclude  that 
the  £-helix,  although  of  theoretical  interest,  does  not  characterize  the  structure 
of  this  CRF  antagonist. 

In  summary,  some  cyclic  GnRH  and  CRF  antagonists  were  found  to  be  half 
as  potent  as  their  corresponding  linear  analogs,  and  one  cyclic  GRF  analog 
(7)  was  found  to  be  significantly  more  potent.  While  these  results  have  not 
helped  to  unravel  general  predictive  rules,  we  have  identified  a  proven  strategy 
for  the  design  of  potent  constrained  analogs.  That  is,  location  of  the  bridgehead 
at  a  D-amino  acid  compliant  residue  is  likely  to  yield  active  constrained  analogs, 
while  the  chirality  and  dimension  of  the  bridges  need  to  be  experimentally 
optimized  in  the  absence  of  structural  (X-ray  or  NMR)  data. 
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Introduction 

Parathyroid  hormone  (PTH)  plays  a  major  role  in  regulating  circulating  levels 
of  calcium.  Biological  activities  of  this  84-residue  long  peptide,  as  well  as  of 
the  equipotent  1-34  fragment,  are  believed  to  be  linked  to  the  stimulation  of 
adenylate  cyclase  activity  [1].  However,  recent  data  indicate  that  some  major 
functions  of  PTH  may  be  mediated  by  an  alternative  mechanism  that  involves 
stimulation  of  membrane-associated  protein  kinase  C  (PKC)  [2],  To  define  the 
domain  of  the  hormone  responsible  for  PKC  activation,  we  have  synthesized 
a  scries  of  human  PTH  fragments  and  assayed  them  using  ROS  17/2  rat 
osteosarcoma  cells.  Biological  studies  with  PTH  fragments  were  complemented 
by  conformational  analysis  using  the  methods  of  CD  spectroscopy,  secondary 
structure  predictions,  and  molecular  dynamics  simulations. 

Results  and  Discussion 

The  dose-dependence  curve  for  the  effect  of  human  PTH  on  membrane- 
associated  PKC  activity  in  ROS  17/2  osteosarcoma  cells  identifies  two  well- 
separated  concentration  regions  of  the  hormone  at  which  stimulation  of  the 
enzyme  occurs  (Fig.  1).  The  picomolar  range  corresponds  to  physiological 
concentrations  of  PTH.  The  PKC-stimuIating  picomolar  concentrations  of 
PTH(l-84)  did  not  stimulate  adenylate  cyclase.  Increased  cAMP  synthesis  was 
observed  only  in  the  presence  of  10-9  M  concentrations  of  the  hormone  (Fig.  1). 

Human  PTH  fragments  1-34,  3-34,  13-34,  and  20-34  stimulated  PKC  activity 
in  a  manner  similar  to  that  cf  PTH-(  1  -84).  The  shortest  fragment  able  to  stimulate 
the  membrane-associated  PKC  was  identified  as  PTH(28-34),  although  it  required 
a  5  to  10-fold  higher  concentration  of  peptide.  By  contrast,  the  PTH(34-53), 
PTH(44-68)  and  PTH(53-84)  fragments  did  not  increase  membrane-PKC  activity 
at  any  dose  from  0.1  pM  to  100  nM. 

Conformational  correlates  of  biological  activities  of  various  PTH  fragments 
were  sought  by  spectroscopic  measurements  and  theoretical  calculations.  CD 
spectra  of  PTH(l-84)  and  its  fragments  in  aqueous  buffer  gave  no  evidence 
of  extensive  secondary  structure,  although  a  small  a-helical  like  spectral  cm- 
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of  PKC  was  obtained  in  the  presence  of  one  /uM  1 2-O-tetradecanoylphorbol- 1 3-acetate  (TPA). 


tribution  was  found  to  arise  from  a  region  defined  by  13-19  and  part  of  20- 
34.  Molecular  dynamics  simulations  using  a  fuzzy  cluster  analysis  suggested  that 
a  large  portion  of  the  region  20-34  tended  towards  helical  or  helical-like 
conformation.  Helical  wheel  projections  and  plots  of  hydrophobic  moment  versus 
the  periodicity  angle  identified  the  region  20-34  as  a  potential  amphiphilic  a- 
helix.  The  propensity  of  different  peptide  fragments  to  form  amphiphilic  a-helix 
was  tested  experimentally  by  following  changes  in  conformation  upon  peptide 
binding  to  lipid  vesicles  of  palmitoyi-oleoyl-phosphatidylserine  (POPS).  hPTH(l- 
84)  and  fragments  1-34,  13-34  and  20-34  showed  a  pronounced  increase  in 
the  content  of  a-helix  in  the  presence  of  the  lipid  (Fig.  2).  The  fragment  with 
the  largest  relative  increase  in  helicity  was  20-34,  which  is  consistent  with 
theoretical  predictions.  No  lipid-induced  helicity  was  observed  for  the  peptide 
PTH(1-19). 

The  results  of  this  study  show  that  the  domain  of  human  PTH  responsible 
for  stimulation  of  membrane-associated  PKC  lies  within  the  PTH(20-34)  region, 
with  the  terminal  six  residues  of  this  sequence  being  most  essential.  The  same 
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Fit;.  2.  Far  UV  CD  spectra  ■>!  hPTH-f  I-H4)  and  the  20-34  fragment  in  20  mM  HEPF.S,  pH  7.2, 
100  mM  Sad.  with  and  w  ithout  POPS  vesicles. 


20-34  region  interacts  with  lipid  membranes,  and  folds  in  a  membrane  envi¬ 
ronment  into  amphiphilic  a-helix.  As  with  some  other  peptide  hormones  [4], 
these  amphiphilic  helices  are  likely  to  be  functionally  essential.  In  particular, 
they  may  be  involved  in  the  binding  of  PTH  to  the  cAMP-independent  receptor 
on  the  surface  of  target  cells  such  as  ROS  17/2  osteosarcoma  cells. 
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Introduction 

Since  the  discovery  of  the  first  highly  potent  bombesin  (Bn)  competitive  receptor 
antagonist,  <  [1],  two  main 

families  of  antagonist  analogs  have  emerged,  one  containing  the  reduced  peptide 
bond  insertion  and  the  other  deletion  of  the  C-terminal  amino  acid  (together 
with  various  alkylamide  and  ester  C-terminal  modifications).  This  work  has 
recently  been  extensively  reviewed  [2],  These  studies  have  also  resulted  in 
considerable  structural  simplification  via  removal  of  several  of  the  N-terminal 
residues  of  Bn  and  many  potent  6-14  or  6-13  Bn  or  GRP(19-26)  antagonists 
have  now  been  described.  A  useful  approach  with  other  peptides,  for  instance, 
somatostatin,  enkephalin  and  a-MSH,  has  been  the  introduction  of  additional 
conformational  restraint  into  analogs  by  covalent  cyclization.  This  paper  de¬ 
scribes  the  development  of  both  constrained  agonists  and  antagonists. 

Results  and  Discussion 

Development  of  constrained  peptide  structures  is  usually  hindered  by  the 
delineation  of  suitable  cyclization  points.  Here,  the  Bn(6-14)  nonapeptides  were 
chosen  as  initial  structures  with  cyclization  between  position  6  and  14  being 
the  first  approach  to  be  tried.  Position  6  was  chosen  because  of  the  efficacy 
of  o-amino  acids  present  at  this  point  in  both  agonists  and  antagonists  and 
the  possibility  that  this  could  provide  a  folding  point  (in  addition  to  Gly") 
in  a  cyclic  structure.  The  analog  in  the  top  of  Fig.  1  contains  a  D-Cys  residue 
in  position  6  and  L-Cys  in  position  14  which  were  utilized  for  disulfide  bridge 
formation  in  the  usual  fashion.  This  peptide  displayed  significant  agonist  potency 
(amylase  release  from  rat  pancreatic  acini  cells)  with  an  EC50  of  about  2x  10-7 
M  (about  1%  of  the  potency  of  Bn  itself)  which  was  increased  almost  10-fold 
by  inclusion  of  the  D-Ala  residue  in  position  11.  L-Cys  in  the  first  position 
of  this  analog  resulted  in  about  a  10-fold  loss  of  potency.  The  inclusion  of 
a  reduced  peptide  bond  between  positions  13  and  14  of  the  best  agonist  structure 
converted  it  into  a  receptor  antagonist  as  in  the  linear  peptide  series.  Direct 
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EC50  2  x  10'7  M  (amylase  release,  rat  acini) 

D- Ala-analogue,  EC50  6  x  10  8  M 
L-Cys,D-Ala-analogue,  EC50  2  x  10 '7  M 


14 


EC50  3  x  10  '7  M 


Fig.  1.  Structures  and  biological  activity  on  rat  pancreatic  acini  cells  of  key  cyclic  Bn  analogs. 


amide  bond  head-to-tail  cyclization  was  also  tried.  Both  cyclo[(D )-F-H-W-A-V- 
G-H-L-L ]  (EC503  xlO-7  M)  and  the  shorter  cyclo [H-W-A-V-G-H-L-L]  (EC*, 
1  x  KH>  M)  were  full  agonists.  Elimination  of  the  C-terminal  residue  in  cyclo[(D)- 
p-Cl-F-Q-W-A-V-{o)-A-H-L\  produced  an  agonist  (EC50  7x  107  M)  rather  than 
the  antagonist  produced  in  the  linear  series,  however,  here  the  side  chain  of 
the  N-terminal  amino  acid  is  probably  taking  over  the  role  of  the  eliminated 
C-terminal  amino  acid  side  chain. 

These  results  also  provide  support  for  the  proposal  that  both  bombesin  agonists 
and  antagonists  adopt  folded  conformations  at  their  receptor(s).  Furthermore, 
the  retention  of  appreciable  potencies  using  several  cyclization  strategies  and 
chain  lengths  suggests  that  additional  optimization  of  these  structures  both  in 
terms  of  potency  and  ring  size  is  possible.  Since  these  peptides  have  increased 
conformational  restriction  they  should  begin  to  serve  as  useful  substrates  for 
high  resolution  NMR  and  molecular  modeling  studies  aimed  at  comparing  the 
obviously  subtle  differences  between  agonist  and  antagonist  structures. 
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Introduction 

The  existence  of  different  sub-types  of  bombesin/GRP  (Bn/GRP)  receptors 
has  recently  been  confirmed  by  the  isolation  and  cloning  of  a  neuromedin  B 
(NMB)-preferring  receptor  [1].  Jensen  et  al.  have  found  that  rat  esophageal  tissue 

[2]  and  murine  C6  glioma  cells  contain  high  concentrations  of  NMB-specific 
receptors  as  compared  to  rat  pancreatic  acini  cells  which  contain  Bn/GRP-specific 
receptors.  Thus,  these  assays  provide  excellent  systems  for  examining  the  differing 
ligand  recognition  requirements  for  the  two  receptors. 

Results  and  Discussion 

C6  cells  and  rat  acini  gave  K,  values  of  403  and  15  nM,  respectively,  for 
GRP  and  2  and  351  nM  for  NMB  (Table  1).  Furthermore,  C6  cells  were  found 
to  have  little  or  no  affinity  for  reduced  peptide  bond  or  des-Met14  Bn  analogs 
which  were  highly  potent  receptor  antagonists  at  acinar  and  Swiss  3T3  cells 

[3] .  Therefore,  these  analogs  are  highly  specific  antagonists,  blocking  only  Bn/ 
GRP  receptors.  On  the  other  hand,  spantide-type  analogs  and  [D-Phel2]Bn 
antagonists  [3]  retained  weak  affinities  for  NMB  receptors.  The  NMB  sequence, 
G-N-L-  W-A-T-G-H-F-M-NH 2,  differs  from  the  same  portion  of  Bn  or  GRP  at 
the  underlined  residues  and  these  were  investigated  for  specificity  contributions. 
Replacement  of  Leu  and  Thr  by  the  corresponding  Bn  residues  (Gin,  Val)  had 
little  effect  on  specificity,  however,  replacement  of  Phe  by  Leu  lowered  affinity 
10-fold  more  for  C6  cells  than  for  acini  thus  decreasing  specificity.  NMB  (2- 
10)  retained  some  specificity  (Kj’s  194  and  4  nM,  respectively).  NMB  (3-10) 
was  almost  devoid  of  affinity.  Surprisingly,  Ac-NMB  (3-10)  recovered  high  affinity 
but  was  devoid  of  specificity  (Kj’s  9.5  and  7.5  nM).  Litorin  also  had  high  affinity 
for  both  receptors  (this  peptide  also  has  a  blocked  N-terminus  (<Glu).  Thus, 
the  N-terminus  of  NMB  and  Phe  in  position  9  are  perhaps  the  principal  molecular 
features  responsible  for  NMB  specificity. 

We  conclude  that  GRP  and  NMB  receptors  possess  markedly  different  peptide 
binding  requirements.  None  of  the  present  potent  Bn/GRP  receptor  antagonists 
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Table  1  Binding  of  Bn/NMB  analogs  to  rat  pancreatic  acinar  cells  and  murine  C6  cells 


Analog 

Kd  (acinar) 

(nM) 

Kd  (C6  cells) 

(nM) 

Ratio 

C6/acinar 

Bn 

4 

21 

5 

GRP 

15 

403 

27 

NMC 

20 

209 

10 

Litorin 

6 

3 

0.5 

NMB 

351 

2 

0.006 

Ac-NMB 

135 

41 

0.3 

NMB(2-10) 

194 

4 

0.02 

NMB(3-10) 

7  685 

3099 

0.4 

Ac-NMB(3-10) 

9 

8 

0.9 

[n-Argl,D-Phe5,i>Trp7'>.Leun  )SP 

13000(antag) 

4400(antag) 

0.3 

[D-Phel2,Leul4]Bn 

1  300(antag) 

2541 

[o-Phe5  i:,Leul4|Bn 

>  10000 

331 

_ 

[D-Phe6l2Leul4]Bn 

>10000 

1  698 

- 

[D-Phe6,LeuBtfrCpa14]Bn(6~14) 

42(antag) 

2538 

60 

[Phe’,^Met'0]NMB 

>  10000 

>  10000 

- 

[Phe*,^Met,]litorin 

246(antag) 

>30000 

- 

(des-Metlu)NMB 

>  10000 

>  10000 

[des-Metl0lNMB-OMe 

>  10000 

3862 

- 

[D-Phe<>lBn(6-13)NH, 

454(antag) 

>  10000 

- 

Ac-G  R  P( 20- 26 )-0 E  t 

!7(amag) 

>  10000 

- 

have  much  affinity  for  the  NMB  receptor  and  it  is  clearly  important  that  potent 
NMB  antagonists  be  developed  in  order  to  elucidate  the  physiological  roles  of 
this  peptide,  particularly  as  a  possible  autocrine  growth  factor  in  certain  types 
of  tumor. 
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Introduction 

Previous  investigations  into  the  SAR  of  GRF(l-29)  led  to  the  discovery  of 
a  series  of  analogs  with  enhanced  potencies  in  a  4-day  primary  culture  of  male 
rat  pituitary  cell  assay.  These  potency  increases  were  the  result  of  substitutions 
of  Ala  at  various  positions.  [Ala15]GRF  was  estimated  to  be  5-fold  more  potent 
than  GRF  (1-29).  Potency  was  maintained  when  DAla2  and  Ala8  were  substituted 
[DAla2,  Ala815],  however  a  10-fold  increase  in  potency  was  observed  with  the 
additional  substitution  of  Ala9  [DAla2,  Ala8-915]  (peptide  I). 

Results  and  Discussion 

In  an  extension  of  this  work  we  have  attempted  to  improve  the  potency  by 
several  tactics.  Peptides  were  synthesized  and  assayed  K  as  described  previously 
[1],  Substitution  of  the  carboxy  terminus  with  Ala27,  DArg29  produced  a  marked 
enhancement  of  activity  [DAla2,  Ala8  9  '5  27,  DArg29]  (peptide  II,  see  Fig.  1).  Re¬ 
placement  of  Tyr1  by  His1,  commonly  found  in  related  peptides,  produced  a 
similar  increase  in  potency  [His1,  DAla2,  Ala8-915]  (peptide  III).  These  modi¬ 
fications  combined  in  [His1,  DAla2,  Ala8-915-27,  DArg29]  (peptide  IV)  again 
produced  an  analog  with  comparable  potency.  The  analogs  were  all  approximately 
three  orders  of  magnitude  more  potent  than  GRF(l-29). 


Peptide  Dose  (Log  Molar] 
Fig.  I.  In  vitro  growth  hormone  release  by  GRF  analogs. 
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* —  GRF(l-29) 

• —  Peptide  II 
•—  GRF(l-29)  +  Antagonist 

■O —  Peptide  II  +  Antagonist 

-15  -13  -11  -9  -7 

Peptide  Dose  [Log  Molar] 

Fig.  2.  Antagonism  of  Peptide  II  by  [ n-Arg:.NIe-" /GRF(l-29)  (I0-5M). 

Using  an  in  vitro  assay  peptide  II  was  more  effective  than  GRF(l-29)  in 
overcoming  the  antagonist  effects  of  [D-Arg2,Nle27]GRF(l-29)  at  a  dose  of  10~5 
M  (Fig.  2). 

Since  these  latter  compounds  were  so  active  in  the  in  vitro  assays,  peptides 
I  and  III  were  retested  in  an  in  vivo  system.  Intratracheal  administration  of 
[DAIa2,  Ala8-9-i5]  (peptide  I)  in  urethane-anaesthetised  rats  at  a  dosage  of  10 /xg/ 
lOOg  BW  produced  a  peak  plasma  GH  concentration  of  310  ng/ml  after  20 
min.  The  analog  [His1,  DAIa2,  Ala8-915]  (peptide  III)  was  found  to  be  even  more 
potent  and  produced  a  plasma  GH  concentration  of  800  ng/ml  at  the  same 
dose  level.  These  new  analogs  produce  greater  concentrations  of  GH  when  given 
intratracheally  than  GRF(l-29)  given  subcutaneously  at  the  same  dosage. 
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Introduction 

From  rat  brain  membrane  preparation  P2  we  have  isolated  a  protein  P46 
which  was  abundant  in  newborn  rat  cortex  and  easily  phosphorylated  in  the 
presence  of  [y-32P]ATP.  Growth-associated  proteins,  such  as  GAP-43/B50,  were 
widely  existed  in  CNS  and  functional  involved  to  neural  development,  axonal 
regeneration,  and  synaptic  modulation  [1,2].  GAP-43/B50  is  hard  to  purify. 
The  preliminary  data  shown  in  this  paper  indicate  that  P46  is  a  member  of 
the  GAP  family,  may  be  identical  with  GAP-43/B50  and  as  a  phosphorylated 
form  is  associated  with  the  brain  development. 

Results  and  Discussion 

Rat  brain  cortices  or  hippocampi  were  homogenized  in  0.32M  sucrose  and 
then  after  a  spin  at  1000  xg,  the  crude  membrane  preparation  P2  was  collected 
from  supernatant  by  centrifugation  at  lOOOOxg.  The  P2  fractions  were  suspended 
in  a  assay  buffer,  preincubated  3  min  at  30°C,  and  followed  by  incubation  for 
20  sec  with  [y-32P]ATP.  The  reaction  was  terminated  by  adding  a  stop  solution 
containing  SDS  and  2-mercaptoethanol.  Aliquots  of  each  reaction  mixture  were 
analyzed  by  one-  or  two-  dimensional  (IEF-SDS)  electrophoresis  in  10% 
polyacrylamide  gel.  The  gels  were  subjected  to  autoradiography  and  microden¬ 
sitometry. 

On  2D-PAGE  autoradiogram  a  phosphoprotein  could  be  clearly  found  with 
an  apparent  MW  46000  and  pi  near  4. 5-4. 7  was  identified  and  named  P46. 
Protein  phosphorylation  experiments  showed  that  P46  was  abundant  in  newborn 
rat  brains.  In  comparison  with  control  group,  the  phosphorylation  of  P46  was 
dramatically  influenced  by  activators  or  inhibitors  of  PK-C,  e.g.  increased  to 
168. 0±  14.8%  (n  =  4)  for  1  ytM  of  phorbol-12,  13-dibutyrate  (PDB)  and 
259.0  ±12%  (n  =  4)  for  1  mM  of  calcium  chloride  respectively,  but  decreased 
to  36.5  ±  2.2%  (n  =  2)  or  46.5  ±  12.1%  (n  =  4)  for  0.1  mM  of  H-7  or  0.1  mM 
of  polymyxin-B  (PMB).  The  results  described  above  and  the  fact  that  stimulation 
by  Ca2+  and  PDB  were  cumulative  revealed  that  the  phosphorylation  of  P46 
was  mediated  by  PK-C. 
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Fig.  1.  SDS-PAGF.  autoradiograms  showing  the  developmental  changes  of  phosphorvlated  proteins 
from  P2  of  rat  cortex. 

Figure  1  illustrates  the  developmental  changes  of  phosphorvlated  proteins  in 
Pi  fraction  of  rat  cerebral  cortices.  It  was  found  that  the  level  of  phosphorvlated 
P46  in  infant  rat  cortex  was  gradually  decreased  from  its  highest  level  in  the 
First  week  to  one  fifth  at  day  28  and  an  acceleration  period  occurred  in  the 
second  week.  In  rat  hippocampus,  a  similar  maturation  process  was  observed 
and  the  developmental  curve  of  P46  in  experimental  group  was  shifted  one  or 
two  days  earlier  than  saline  group  following  neonatal  administration  with  a 
memory-enhancing  peptide,  ZNC(C)PR. 

The  purification  procedure  is  shown  in  Fig.  2.  The  electropherograms  of  one- 
(stained  with  Coomassie  blue)  and  2D  PAGE  (by  silver  staining,  not  shown) 
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Hv  J.  Purification  ot  P46.  PAUL  »<i.v  stained  »ith  Coomassie  blue. 


showed  that  the  tinal  product  was  pure  P46,  (just  contaminated  with  a  trace 
of  P46  degradation  product)  and  that  P46  on  a  2D  gel  overlapped  (not  shown) 
B50  isolated  according  to  Zwiers  et  al  [3]. 

As  there  exist  many  similarities  between  P46  and  B50  on  biochemical  characters, 
such  as  resistance  to  heat  and  to  alkaline  treatment,  phosphorylation,  pi  and 
migration  rate,  w,e  suggest  that  P46  mav  be  the  membrane  protein,  GAP-43/ 
B50. 
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Introduction 

Luteinizing  hormone-releasing  hormone  (LH-RH)  superagonists  are  widely 
used  clinically  for  the  treatment  of  hormone  dependent  or  hormone-sensitive 
human  cancers  such  as  those  of  breast,  prostate  and  ovary.  Ideal  anticancer 
drugs  would  be  theoretically  those  that  eradicate  cancer  cells  without  harming 
normal  cells.  Analogs  of  peptide  hormones  (LH-RH,  somatostatin,  etc.),  carrying 
antineoplastic  agents,  are  being  developed  by  us  for  targeted  chemotherapy  of 
hormone-receptor  containing  tumors.  Such  hybrid  molecule  could  exert  the 
anticancer  effect  of  the  LH-RH  agonist  or  antagonist  and.  at  the  same  time, 
its  non-peptidic  part  would  act  as  a  chemotherapeutic  agent  targeted  to  the 
tumor  cells  by  their  peptide  portion. 

Bajusz  et  al.  synthesized  several  alkylating  melphalan  [1],  and  platinum,  copper 
and  nickel  containing  metallopeptide  analogs  of  LH-RH  [2]  with  high  in  vitro 
cytotoxic  activities.  In  this  paper  we  report  other  highly  potent  cytotoxic  analogs 
in  which  the  chemotherapeutic  moieties  were  clinically  used  anticancer  drugs 
inhibiting  various  phases  of  the  protein  and  nucleic  acid  biosynthesis. 

Results  and  Discussion 

Alkylating  nitrogen  mustard  derivative  of  phenylalanine  (melphalan,  Mel), 
reactive  cyclopropane,  anthraquinone  derivatives  (2-(hydroxymethyl)anthraqui- 
none  and  anticancer  antibiotic  doxorubicin)  and  an  antimetabolite  (methotrexate) 
(Fig.  1)  were  coupled  to  suitably  modified  LH-RH  agonists  and  antagonists. 
Analogs  containing  one  cvtotoxic  radical  can  be  represented  by  the  following 
general  formulae: 

Glp-His-Trp-Ser-Tyr'R^QFLeu-Arg-Pro-Gly-NHj  and 

Ac-D-Nal(2)-D-Phe(4Cl)-R3-Ser-R5-R6(Q)-Leu-Arg-Pro-D-Ala-NH;>, 
while  peptides  with  two  cytotoxic  residues  would  be 

Glp-His-Trp-Ser-Tyr-R6(A;pr-Q2FLeu-Arg-Pro-Gly-NH2  and 

Ac-D-Nal(2)-D-Phe(4Cl)-  t3-Ser-R5-R6(A2pr-Q2)-Leu-Arg-Pro-D-Ala-NH2, 


•Present  address:  Department  of  Medical  Chemistry,  Albert  Szent-Gyorgyi  University  Medical  School. 
Dom  ter  8.  720  Szeged,  Hungary. 
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Fig.  1.  Structures  of  cytotoxic  compounds  incorporated  into  LH-RH  analogs.  A:  melphalan, 
B:  cyclopropanecarbrnyl  chloride.  C:  2fhydroxymethyl)anthraquinone.  D:  doxorubicin,  E:  methotrexate. 

wherein  R3  stands  for  D-Trp  or  D-Pal(3),  R5  is  Tyr  or  Arg,  R6  is  D-Lys  or  d- 
Orn,  A2pr  is  2,3-diaminopropionic  acid  and  Q  is  one  of  the  cytotoxic  compounds 
in  Fig.  1. 

Precursor  peptides  were  prepared  by  solid  phase  peptide  synthesis  using  Boc 
chemistry.  Cytotoxic  substituents  were  introduced  into  precursor  peptides  by 
acylation  of  their  amino  group(s)  in  position  6  with  the  carbonyl  group  of  the 
substituents  (D-melphalan,  cyclopropanecarbonyl-chloride  and  methotrexate). 
Anthracycline  antibiotic  doxorubicin  and  the  bioreductive  2-(hydroxymethyl)an- 
thraquinone  were  coupled  to  peptides  through  glutaric  acid.  Peptide  conjugates 
were  purified  by  semipreparative  HPLC  on  C-18  column  resulting  in  peptides 
with  purity  >98%. 

LH-RH  activity  of  the  agonistic  carrier  peptides  was  further  increased  by 
linking  to  hydrophobic  cytotoxic  groups  resulting  in  compounds  with  10-50  times 
higher  activity.  Most  of  the  monosubstituted  agonistic  analogs  showed  high 
affinity  for  the  membrane  receptors  of  human  breast  cancers,  while  receptor 
binding  of  peptides  containing  two  cytotoxic  side  chains  was  lower.  Hybrid 
molecules  from  antagonistic  analogs  and  cytotoxic  compounds  completely 
inhibited  ovulation  in  rats  at  doses  of  10  Mg-  Their  receptor  binding  to  human 
breast  cancer  cell  membrane  was  decreased  compared  to  that  of  the  precursor 
peptides,  although  analogs  carrying  2-(hydroxymethyI)anthraquinone  had  high 
affinities.  All  of  the  conjugates  tested  inhibited  the  [3H]-thymidine  incorporation 
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(nucleic  acid  synthesis)  in  different  human  breast  and  prostate  cancer  cell  lines 
in  vitro. 

The  present  study  provides  evidence  that  incorporation  of  cytotoxic  compounds 
into  suitably  designed  LH-RH  analogs  results  in  peptides  with  high  biological 
activity,  and  receptor  binding  which  are  capable  of  killing  cancer  cells. 
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Introduction 


Bombesin-like  peptides,  and  the  mammalian  counterpart  gastrin  releasing 
peptide  share  COOH-terminal  homology  and  act  at  a  G-protein  linked  receptor 
triggering  an  autocrine  growth  mechanism.  This  study  examines  the  modification 
of  the  COOH-terminus  known  to  generate  antagonists  [1]  with  two  different 
types  of  amide  bond  and  side  chain  modifications  (Fig.  1)  having  a  predictable 
effect  on  conformation. 


<Glu-GlrvTrp-Ala-Val-Gly-His-Xxx-Yyy 


H 


Xxx-Yyy  =  H2N-CH-CH2-S-CH~C<0)NH2  H2N-CH~C(0)NH  C(0)0CH3 

ch2 


6 


Fig.  /.  Structures  of  COOH-tenmnallv  substituted  modifications. 


Results  and  Discussion 

The  COOH-terminal  modifications  shown  in  Fig.  1  were  synthesized  as 
previously  described  for  t/r[CH2S]  [2]  and  dzPhe  [3].  The  modified  peptides  of 
this  study  were  prepared  through  combined  solid  phase  and  solution  peptide 
synthesis  techniques.  The  resulting  bombesin  receptor  affinities  and  agonist 
antagonist  properties  are  shown  in  Table  1. 


Table  1  Comparison  of  receptor  affinities  in  competitive  binding  and  PI  turnover  in  mouse 
pancreas  [4] 


Analog 

Binding 

Kd(nM) 

PI  turnover 
Agonist  Antagonist 

1 

<Glu-Gln-Trp-Ala-Val-Gly-His-Phe-Leu-NHi.[Leu‘,lLitorin 

0.075 

+ 

- 

2 

[Phe,'i!/[CH2S]Leu',)Litonn 

3.4 

- 

+ 

3 

[Phe*i/;[CHiS(0)jLeu,]Litorin(S(0)isomer  II) 

1.0 

- 

+ 

4 

Ac-D-Phe-GIn-Trp-Ala-Val-Gly-His-Leu-A^Phe-OMe 

0.78 

- 

4- 

5 

Ac-D-Phe-GIn-Trp-AIa-Val-o-Ala-His-Leu-NICH!>- 

AzPhe-OMe 

29 

+ 

- 
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Fig.  2.  CD  spectra  of  peptides. 


The  substitution  of  </lr[CH2S]  at  the  amide  bond  position  8-9  of  litorin  gave 
a  potent  antagonist  with  a  2-3  fold  increase  in  potency  over  a  i/r[CH2NH]  (Kd  =  8.0 
nM)  substitution  [1].  The  substitution  of  a  sulfoxide  isomer  i>[CH2S(0)]  gave 
a  further  3-fold  increase  in  binding  over  i/>[CH2S].  The  two  dehydrophenylalanine- 
containing  analogs  4  and  S  demonstrated  a  40-fold  difference  in  binding  affinity. 
Substitution  of  AzPhe  at  position  9  yields  an  antagonist  4.  On  the  other  hand, 
N(CH3)AzPhe  substituted  at  position  9  yields  an  agonist  5.  Both  types  of 
modifications  demonstrate  an  effect  on  receptor  binding  and  activation  through 
heteroatom  and  small  functional  group  changes  at  the  penultimate  amide  bond 
of  the  bombesin-like  peptide.  Both  types  of  modifications  have  a  predictable 
effect  on  conformation.  ^[CH2S]  introduces  flexibility  into  the  peptide  backbone. 
AzPhe  O  is  converted  to  a  planar  trigonal  conformation  (Fig.  1)  resulting  in 
the  backbone  bending  away  from  the  side  chain.  The  conformational  differences 
in  both  series  demonstrated  by  CD  were  such  that  </»[CH2S]  and  <A[CH2S(0)]- 
containing  antagonists  adopt  ordered  /?  turns  [class  B  spectra  according  to  the 
classification  of  Woody  [5]]  distinctly  different  from  the  agonist  1  when  in  TFE 
(class  C).  Analog  4  (A2Phe9)  gives  a  CD  spectrum  indicative  of  ordered  structure 
(/J-sheet-like)  and  5  (N(CH3)AzPhe9)  did  not  (Fig.  2).  This  suggests  a  possible 
role  of  the  9  position  amide  bond  N-H  in  the  observed  conformational  differences 
of  the  AzPhe-containing  antagonist  and  agonist. 
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Introduction 

As  an  initial  step  towards  the  development  of  orally  active  analogs  of  LHRH, 
we  have  previously  reported  the  effect  of  physicochemical  properties  on  phar¬ 
macokinetics  and  bioavailability  of  reduced  size  LHRH  analogs  [1].  As  part 
of  our  further  studies  towards  this  goal,  we  found  that  leuprolide  (pGlu-His- 
Trp-Ser-Tyr-D-Leu-Leu-Arg-Pro-NHEt)  is  highly  susceptible  to  degradation  by 
the  intestinal  protease  chymotrypsin.  Consequently,  we  initiated  a  program  to 
discover  analogs  which  are  stable  to  chymotrypsin  digestion.  Since  the  compounds 
must  be  absorbed  through  the  intestinal  wall,  we  examined  their  stability  in 
an  in  vitro  intestinal  sac  model.  We  also  measured  the  in  vivo  pharmacokinetics 
of  the  newly  synthesized  agonists.  Finally,  we  asked  whether  stabilization  of 
the  molecule  against  metabolic  degradation  improves  intestinal  absorption. 

Methods 

Peptides  were  synthesized  using  SPPS  on  Merrifield  resin  [1].  The  purity  of 
the  final  compounds  was  based  on  HPLC,  FABMS  and  AAA. 

Peptides  were  tested  in  vitro,  in  the  rat  pituitary  receptor  binding  assay,  and 
for  LH  release  using  cultured  rat  pituitary  cells  [1].  To  measure  pharmacokinetics 
we  used  our  previously  described  method  [1].  The  pharmacokinetics  are  reported 
in  values  of  the  whole  body  clearance,  which  is  defined  as  the  volume  of  plasma 
cleared  of  compound  per  unit  time,  and  calculated  as  the  dose  divided  by  the 
area  under  the  curve  of  blood  concentration  of  compound  as  a  function  of 
time  and  is  expressed  in  units  of  ml/min  •  kg.  The  stability  of  peptides  against 
chymotrypsin  degradation  was  determined  according  to  the  previously  reported 
assay  [2],  To  measure  the  in  vitro  intestinal  stability  of  peptides,  we  used  a 
rat  jejunal  sac  model.  The  compounds  were  incubated  at  37°  C  in  short,  closed 
rat  jejunal  segments  in  oxygenated  pH  6.8  Ringer’s  buffer.  At  a  specific  time 
each  segment  was  removed  from  the  incubation  bath  and  its  contents  assayed 
for  peptide  using  HPLC.  Half-lives  were  estimated  in  duplicate  by  linear  regression 
analysis  of  the  logarithm  of  percent  peptide  remaining  versus  time,  assuming 
minimal  transport  related  losses  of  intact  molecule. 
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Results  and  Discussion 


Incubation  of  leuproiide  with  chymotrypsin  caused  a  clean  cleavage  of  the 
bond  Trp3-Ser*  resulting  in  two  fragments,  pGlu-His-Trp  and  Ser-Tyr-D-Leu- 
Leu-Arg-Pro-NHEt.  To  buttress  the  Trp^Ser4  bond  in  leuproiide  against  chy¬ 
motrypsin  degradation  we  synthesized  the  iV-MeSer4  analog  (2)  and  tested  its 
stability.  Under  conditions  where  leuproiide  (1)  was  rapidly  degraded  by 
chymotrypsin,  the  N- MeSer4  compound  (2)  was  not  cleaved  for  over  sixty  min 
(Table  1).  We  then  tested  these  two  compounds  for  intestinal  degradation  using 
the  rat  jejunal  sac  model.  While  leuproiide  had  a  4  minute  half-life  (T , /2)  in 
the  intestinal  model,  the  N- MeSer4  analog  had  a  half-life  increased  over  22- 
fold  (Table  1).  However,  the  (V-MeSer4  analog  showed  about  a  10-fold  reducton 
in  LH  release,  and  its  in  vivo  clearance  was  increased  about  2-fold.  Further 
substitutions  of  positions  4  and  6  of  LHRH  with  //-MeSer4  and  D2Nal6, 
respectively,  gave  4  which  was  4-fold  more  potent  than  leuproiide  in  LH  release 
and  had  a  12-fold  increase  in  half-life  against  lumenal  degradation.  Substitution 
of  pGIu1  in  leuproiide  with  A-AcSar1  gave  compound  5  which  was  17-fold  less 
potent  than  the  parent  and  was  not  stable  against  chymotrypsin  degradation, 
but  was  15-fold  more  stable  in  the  intestine  (Table  1).  The  A/-MePhe2-o-Trp6 
analog  (12)  was  200-fold  less  potent  than  leuproiide  but  10-fold  more  stable 
against  chymotrypsin  degradation  and  11 -fold  more  stable  against  intestinal 
degradation  (Table  1).  Substitution  of  D-Leub  in  compound  6  with  D-Trp6  gave 
analog  7  which  was  as  potent  as  leuproiide  and  about  two-fold  more  stable. 
Substitution  of  position  3  with  INal3  gave  analog  10  which  was  as 


Table  1  In  vitro  LHRH  receptor  binding  affinities.  LH  release  activities,  and  stability 
against  intestinal  degradation.  In  vivo  pharmacokinetics  of  LHRH  analogs 


Compound  Structure 

pK,* 

pD2b 

ll/2V 

min 

T|/2d 

min 

Clearance5 
ml/min  •  kg 

1 

[t>Leu6.Pro,NHEt]LHRH  (leuproiide) 

9.73 

10.69 

1.0 

4.0 

9.0 

2 

[  VMeSerLo- Leu«,  Pro’N  H  EtJLHRH 

8.85 

9.42 

>60.0 

>90.0 

16.9 

3 

(NMeSer*.D-Trp‘,Pro’NHEt]LHRH 

10.11 

10.10 

14.7 

19.9 

4 

[AfMeSer*,D2Nal4]LHRH 

10.37 

11.30 

47.0 

27.5 

5 

[iVAcSar',D-Leu‘,Pro’NHEt]LHRH 

8.59 

9.45 

1.0 

60.0 

24.0 

6 

{Phe2,D-Leu‘,Pro»NHEt]LHRH 

8.66 

9.81 

2.2 

25.4 

7 

[  Phe!,D-T  rpM’ro’NH  Et]LH  RH 

10.61 

10.81 

10.8 

28.8 

8 

[Tyr(OMe)Lt>Uu‘.Pro»NHEt]LHRH 

9.81 

8.76 

14.9 

13.3 

9 

[4CIPhe,.D-Leu‘,Pro,NHEt]LHRH 

8.03 

9.17 

4.4 

7.6 

10 

[INaP.D-Leu‘,Pro’NHEt]LHRH 

10.03 

10.35 

>  15.0 

25.0 

28.4 

11 

[AfAcSar'^/MeSer*, D-Trp6, Pro’NHEtJLHRH 

9.42 

9.72 

55.0 

28.3 

12 

[VMePhe2.D-Trp*,Pro,NHEt]LHRH 

9.68 

8.40 

3.7 

44.4 

44.5 

1  pKi  =  The  negative  logarithm  of  equilibrium  dissociation  constant  in  the  rat  pituitary  receptor  binding  assay. 
b  pD;  =  the  negative  logarithm  of  the  concentration  of  agonist  that  produces  50%  of  the  maximum  release  of 
LH  from  cultured  rat  pituitary  cells  in  response  to  the  test  compound. 

‘  t|/2  =  chymotrypsin  degradation  half-life. 

J  T|/2  =  the  time  required  for  the  lumenal  concentration  of  compound  in  the  rat  jejunum  sac  to  decrease  bv 
50%. 

'  Clearance  —  dose  divided  by  the  area  under  the  curve  of  the  concentration  of  compound  as  a  function  of  time 
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potent  as  leuprolide  in  LH  release  and  over  15-fold  more  stable  against 
chymotrypsin  degradation  and  6-fold  more  stable  in  the  jejunum  model.  Next 
we  substituted  JV-AcSar1  in  3  and  obtained  analog  11,  which  was  8-fold  less 
potent  than  leuprolide,  but  14-fold  more  stable  in  the  intestine  and  had  a  3- 
fold  increase  in  clearance.  At  this  point  we  were  interested  to  find  out  how 
stabilization  of  the  molecule  would  affect  intraduodenal  (id)  absorption  of 
leuprolide  in  vivo.  For  this  purpose,  we  administered  both  leuprolide  and  analog 
11,  [W-AcSar1,  N- MeSer4,  D-Trp6,  Pro^NHEtjLHRH,  separately  to  the  rat  by 
both  iv  and  id  routes,  measured  the  peptide  levels  in  the  serum  and  determined 
the  absorption  using  the  methods  which  we  previously  reported  [1].  The 
percentage  bioavailability  for  leuprolide  was  0.08  and  for  analog  11  was  0.14, 
clearly  showing  that  the  enzymatic  stabilization  did  not  improve  intestinal 
absorption  in  vivo. 

Up  to  60-  and  20-fold  increases,  respectively,  in  resistance  to  chymotrypsin 
and  intestinal  lumenal  degradations  were  achieved  upon  separately  substituting 
(V-MeSer4,  (V-MePhe2,  iV-AcSar1,  and  lNal3  into  several  LHRH  agonists.  Several 
of  these  newly  synthesized  analogs,  as  well  as  the  doubly  stabilized  N-AcSar1, 
W-MeSer4,  D-Trp6  analog  (11),  were  as  potent  as  leuprolide  and  other  highly 
potent  LHRH  agonists.  Yet  most  of  these  compounds  also  showed  increased 
clearance  over  leuprolide.  The  results  also  indicate  that  the  low  intestinal 
absorption  of  these  LHRH  analogs  does  not  appear  to  be  limited  by  chymotryptic 
or  intestinal  lumenal  degradation. 
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Introduction 

Both  a-subunits  of  the  insulin  receptor  (135  kDa  each)  and  one-third  of  each 
0-subunit  (95  kDa)  lie  outside  of  the  plasma  membrane.  Although  the  primary 
sequence  of  the  receptor  has  been  deduced  from  corresponding  cDNA  sequences, 
the  extracellular  residues  contributing  directly  to  the  formation  of  the  insulin 
binding  pocket  are  entirely  unknown.  On  the  other  hand,  residues  of  insulin 
that  contact  the  receptor  have  been  deduced  by  comparing  crystallographic 
structures  of  insulin,  sequences  of  insulins  from  over  50  species  and  receptor¬ 
binding  affinities  of  numerous  additional  analogs  [1,2].  Residues  from  the  N- 
(Al,  A5)  and  C-termini  (A  19,  A21)  of  the  A-chain  and  throughout  the  B-chain 
(B12,  B16,  B23,  B24,  B25)  appear  to  form  a  contiguous  region  on  insulin’s 
surface  involved  in  receptor  recognition.  To  map  site-site  interactions  between 
insulin  and  the  insulin  receptor  we  substituted  these  positions  of  insulin  with 
/7-benzoylphenylalanine  (B pa),  a  photoactivatable  amino  acid  [3].  Bpa  is  par¬ 
ticularly  well  suited  to  these  studies  as  it  (a)  is  amenable  to  standard  methods 
of  peptide  synthesis,  (b)  is  highly  selective  toward  C-H  bonds  which  likely  line 
the  insulin-  receptor  interface,  and  (c)  has  an  unusually  high  efficiency  for  forming 
covalent  cross-links. 

Results  and  Discussion 

Three  different  semisynthetic  methods  were  used  to  substitute  positions  of 
insulin  with  Bpa:  (1),  Phe824,  Phe25  and  Tyr826  positions  were  substituted  with 
d-  and  L-isomers  of  Bpa  by  trypsin-catalyzed  semisynthesis  (TCS)  [4];  (2),  BpaAO 
and  d-  and  L-Bpa A 1  analogs  were  prepared  by  chemical  acylation  (C A)  of  B 1  ,B29- 
Fmoc2-insulin  and  Bl,B29-Fmoc2-des[GlyAl]insulin,  respectively,  with  DIPCDI- 
activated  Boc-Bpa;  and  (3),  the  other  analogs  shown  in  Table  1  were  prepared 
by  chain  recombination  (CR)  between  native  A-chain  tetrasulfonate  and  the 
appropriate  synthetic  B-chain(l-25)NH2  disulfonate  [5].  Competitive  binding 
assays  were  performed  with  the  analogs  using  WGA-purified  human  insulin 
receptors  isolated  from  transfected  CHO  cells.  Each  analog  binds  specifically 
to  the  insulin  receptor  although  binding  affinities  vary  substantially.  All  of  the 
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Table  1  Bpa-insulins,  synthetic  strategies  (see  text),  receptor  binding  potencies  and  ability 
to  cross-link  the  insulin  receptor 


Analog 

Synthetic 

strategy* 

Binding 
affinity  (nM) 

Cross-links 

L-BpaB24  insulin 

TCS 

20 

No 

»BpaB24  insulin 

TCS 

0.8 

No 

L-BpaB25  insulin 

TCS 

4 

Yes 

o-BpaB25  insulin 

TCS 

20 

Yes 

L-BpaB26  insulin 

TCS 

2 

No 

o-BpaB26  insulin 

TCS 

1 

No 

D,L-BpaA0  insulin 

CA 

2 

No 

L-BpaAl  insulin 

CA 

500 

Yes 

D-BpaAl  insulin 

CA 

30 

ND 

D,L-BpaB12  insulin 

CR 

Yesb 

ND 

D,L-BpaB16  insulin 

CR 

Yesb 

ND 

d,i  -BpaB23  insulin 

CR 

Yesb 

ND 

1  Abbreviations:  TCS,  trypsin  catalyzed  semisynthesis;  CA.  chemical  acylation;  CR,  chain  recom¬ 
bination. 

b  Yes  indicates  analogs  bind  but  KD  has  not  been  determined;  ND:  not  determined. 


analogs  do  not,  however,  form  a  covalent  cross-link  with  the  insulin  receptor. 
Of  those  tested  Al  and  B25  analogs  do  cross-link,  suggesting  that  these  positions 
are  buried  within  the  insulin-receptor  complex.  By  contrast,  AO  (N-terminal  to 
B24)  and  B26  analogs  do  not  form  covalent  cross-links,  indicating  that  these 
positions  are  either  not  buried  in  the  complex  or  that  the  benzoyl  side  chain 
of  these  analogs  is  not  properly  positioned  for  cross-link  formation.  Of  the  analogs 
that  cross-link  the  receptor,  the  efficiency  for  cross-linking  is  >70%,  suggesting 
that  Bpa-insulins  will  be  useful  for  sequencing  studies  with  small  amounts  of 
receptor. 

To  facilitate  sequencing  studies  additional  strategies  were  developed  for 
identifying  and  isolating  cross-linked  protein  fragments  (Fig.  1).  Insulin-analogs 
were  prepared  as  iminobiotin  derivatives.  Bpa  cross-linked  residues  do  not  appear 
as  identifiable  PTH  derivatives,  since  Boc-Bpa  was  ring-brominated  with  KBrOj 
and  reduced  with  [3H2].  Cross-linked  receptors  are  isolated  with  specific  an¬ 
tibodies,  reduced  and  carboxymethylated,  proteolyzed  and  the  resulting  fragments 
are  purified  on  avidin-Sepharose.  After  elution,  these  fragments  are  subjected 
directly  to  sequencing  and  the  receptor  region  is  identified.  Tritiated  Bpa-insulin 
analogs  that  look  promising  for  sequencing  studies  are  being  prepared. 

Bpa  insulin  analogs  form  a  new  class  of  photoaffinity  reagents  which  markedly 
enhance  our  ability  to  study  structure  and  function  relationships  between  insulin 
and  the  insulin  receptor.  By  substituting  each  of  positions  of  insulin  that  interact 
with  the  insulin  receptor  we  should  be  able  to  map  the  site-site  interactions 
between  these  proteins  and  generate  a  model  of  the  insulin  binding  pocket  of 
the  insulin  receptor. 
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Introduction 

Insulin  aggregation  in  solution  retards  its  rate  of  absorption  following 
subcutaneous  injection.  Mutagenesis  within  both  dimer-  and  hexamer-forming 
surfaces  prevents  aggregation  and  dramatically  enhances  absorption  rates  [1], 
We  recently  showed  that  one  such  analog.  His810  — Asp,  Pro828  —  Lys829  insulin 
(DKP-insulin)  remains  monomeric  at  mM  concentrations  and  retains  full  potency 
[2].  We  have  used  DKP-insulin  for  studying  the  structure  of  the  insulin  monomer 
in  solution  under  physiologic  solvent  conditions  by  isotope-edited  2D  NMR 
[2].  Importantly,  DKP-insulin  structure  in  aqueous  solutions  at  neutral  pH 
resembles  the  structure  observed  for  molecule  2  in  2-zinc  crystals,  although  DKP- 
insulin  like  native  insulin  is  remarkably  flexible  in  solution.  We  now  extend 
these  studies  to  additional  DKP-analogs  with  potency-enhancing  or  -reducing 
substitutions  at  the  B24  and  B25  positions  within  insulin's  receptor  recognition 
surface. 

Results  and  Discussion 

Of  the  many  analogs  of  insulin  that  have  been  prepared  to  relate  insulin’s 
structure  and  function,  the  B24  and  B25  positions  have  been  studied  most 
extensively  because  they  a.  form  a  hydrophobic  nucleus  at  the  heart  of  insulin’s 
receptor  recognition  surface,  b.  are  sites  of  naturally  occuring  mutations  as¬ 
sociated  with  diabetes  [3]  and  c.  are  readily  substituted  by  trypsin-catalyzed 
semisynthesis.  We  now  compare  the  effects  of  the  most  interesting  substitutions 
on  native  insulin  vs.  monomeric  DKP-insulin  structure  and  function.  Analogs 
of  native  human  insulin  were  prepared  by  standard  methods  of  trypsin-catalyzed 
semisynthesis  while  a  streamlined  approach  was  developed  to  prepare  analogs 
of  DKP-insulin.  Biosynthetic  ^es-(B23-B30)octapeptide  Asp810  insulin  was  cou¬ 
pled  with  substituted  octapeptides  having  the  general  sequence  GFFYTA7T 
(either  F  was  substituted).  Switching  the  native  PK  sequence  to  KP  yields  a 
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trypsin  resistant  bond  which  negates  the  need  for  amino-group  protection. 

Notably,  parallel  trends  were  observed  for  the  semisynthetic  analogs  over  a 
wide  range  of  receptor-binding  affinities:  D-PheB24>  unsubstituted  >GlyB24> 
SerB24>  AlaB25>  LeuB25>Ser825  (Fig.  1),  demonstrating  that  substitutions  at  the 
B24  and  B25  positions  of  native  human  insulin  or  DKP-insulin  have  similar 
effects  on  insulin  function.  Far  UV  circular  dichroism  studies  reveal  that  global 
structure  is  preserved  for  all  analogs,  although  PheB24  —  Gly  substitutions  of 
both  human  and  DKP-insulin  perturb  the  CD  spectra  in  parallel.  Near  UV 
CD  and  ID  'H  NMR  studies  show  that  DKP-insulin  and  analogs  of  DKP- 
insulin  do  not  aggregate  significantly  at  neutral  pH  in  the  absence  of  organic 
solvents,  in  sharp  contrast  with  native  human  insulin  and  analogs  of  native 
insulin  which  do  aggregate. 

We  conclude  that  substitutions  at  three  different  surfaces  of  insulin  involved 
in  protein-protein  interactions  -  the  hexamer  (BIO),  dimer  (Pro628,  LysB29)  and 
receptor-binding  surfaces  (PheB24,  Phe825)  -  can  be  treated  as  independent  design 
features.  Using  this  approach  aggregation  state  and  receptor  potency  can  be 
altered  independently  in  the  design  of  analogs  with  therapeutic  potential,  as 
well  as  for  studying  the  consequences  of  mutations  on  insulin’s  solution  structure. 
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Introduction 

Small  cell  lung  cancer  (SCLC)  is  one  of  the  more  common  fatal  malignancies 
and  worldwide  its  incidence  is  increasing  [1],  SCLC  cells  reportedly  can  synthesize 
and  secret  gastrin  releasing  peptide  (GRP)  or  other  bombesin  (BN)-like  peptides. 
GRP  is  a  mammalian  27-mer  which  has  very  similar  biological  actions  to  that 
of  BN,  a  14-mer  which  was  originally  isolated  from  amphibian  skin  [2],  Both 
peptides  have  been  shown  to  be  potent  mitogens  on  various  human  SCLC  cell 
lines,  in  vitro.  They  may  regulate  growth  of  these  tumor  cells  through  an  autocrine 
growth  mechanism  [3],  A  number  of  analogs  of  neuromedin  C  (GRP(  18-27)), 
substance  P,  BN  and  GRP  have  been  prepared  and  found  to  have  various  potencies 
as  antagonists  of  BN.  However,  only  a  very  few  analogs  have  shown  to  be 
effective  in  inhibiting  the  in  vitro  growth  of  SCLC  cells  and  none  have  been 
reported  to  be  useful  in  vivo.  Therefore,  we  have  synthesized  a  series  of  GRP 
analogs  containing  D-amino  acids,  des-Met,  unnatural  amino  acids,  and  pseu¬ 
dopeptide  bonds.  The  abilities  of  these  analogs  to  antagonize  the  actions  of 
BN  have  been  evaluated  and  compared  with  two  known  potent  antagonists, 
[Leu14,  i/r(13,14)]BN(Dr.  David  Coy,  Tulane  University)  and  a  GRP(20-25)  amide 
derivative  (Dr.  David  Heimbrook,  Merck  Sharp  &  Dohme  Labs). 

Results  and  Discussion 

The  biological  effects  of  23  of  these  analogs  were  evaluated  using  dispersed 
acini  from  rat  pancreas  and  Swiss  3T3  Fibroblasts.  In  the  dispersed  acini  assay 
4  peptides  were  found  to  be  highly  effective  in  inhibiting  BN-stimulated  amylase 
release.  Two  of  these,  [D-Phe)9,  Leu26-i/KCH2NHCOCH3)]GRP(19-26)  (I)  and 
[D-Phe19,  Gin20,  Leu20-<|r(CH2NHCOCH3)]GRP(  19-26)  (4)  had  IC50’s  of  46  nM 
and  55  nM,  respectively,  on  BN  (0.2  nM)  stimulated  amylase  release.  The 
inhibitions  were  dose  dependent.  Using  the  same  dispersed  acini  system,  peptide 
1  did  not  alter  the  stimulated  amylase  release  caused  by  carbachol,  CCK-8, 
Substance  P,  VIP  and  A23187,  but  did  inhibit  the  stimulation  caused  by  GRP(18- 
27)  and  BN.  This  strongly  suggests  that  peptide  1  is  a  specific  BN  and  GRP 
receptor  antagonist. 

In  serum  starved  Swiss  3T3  cultures,  all  GRP  analogs  which  contained  the 
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Table  1  Inhibition  of  amylase  release  and  3H-thymidine  uptake 


No.3 

%  Amylase  release 

FC50  nM 
’H-thymidine 
incorporation 

Basalb 

BN 

0.2  nM  5  mM 

Peptide 

5  /iM 

Peptide+BN 

50  nM 

C 

2.8±0.3 

17.4±4.2 

2.7±0.2 

6.2±0.8 

1 1.6±1.5 

43.2 

H 

5.3±0.5 

17.4±0.9 

6.0±1.2 

6.3±0.4 

6.3±0.8 

31.2 

1 

6.3±2.4 

21.0±1.7 

5.7±0.7 

6.5±0.5 

8.0±  1 .0 

2.7 

2 

2.9±0.5 

20.2±1.0 

3.6±0.8 

3.7±0.9 

I6.7±2.1 

152 

3 

3.0±0.2 

16.5±0.9 

ND 

4.3±0.8 

1 4. 8±  1 . 1 

237 

4 

3.3±0.3 

1 4.6±  1 . 1 

ND 

3. 6+0.6 

I0.3±0.8 

32.5 

5 

3.2±0.2 

20.3±1.1 

3. 1  ±0.2 

4.8±0.2 

I6.2±  1.3 

259 

3  C.  [Leu14,  0(  13,I4)1BN;  H,  N-pivalovl-GRP(20-25)-2-methvl-4(R)-nonvlamide;  1  [oPhe19, 
Leu*-!/,  (CHiNHCOCHt)]GRP(  19-26);  2  [Ac-o-Phe19.  Leu*-</,(CH,NHCOCH,)]GRP(  19-26); 
3  [Ac-o-Phe'9,  Gin20,  Leu*-,/,  (CH,NHCOCH,)]GRP(  19-26);  4  [D-Phe19,  Gin20,  Leu*-</,(CHr 
NHCOCHj)]GRP(  19-26);  5  [D-Phe19,Trp2'(CHO),Leu*-^CH2NHCOCH3)]GRP(  19-26);  ND, 
not  determined. 

b  Values  are  expressed  as  %  amylase  released  (MeaniSD).  All  measurements  were  done  in 
triplicate. 


new  and  novel  Leu26-t/t(CH2NHCOCH3)  structural  unit  inhibited  BN-stimulated 
3H-thymidine  incorporation.  Dose  response  studies  indicated  that  the  IC5o’s  of 
peptides  1  and  4  were  2.7  nM  and  32.5  nM.  ..^ctively,  whereas  the  reference 
peptides  from  Coy  and  Heimbrock  (C  a.«d  H  in  Table  1)  had  IC50’s  of  43.2 
nM  and  31.2  nM,  respectively. 

We  have  evaluated  23  GRP  C-terminal  analogs  for  their  antagonist  activity 
in  two  biological  assays.  Based  on  these  assays  we  suggest  that  a  desMet27, 
Leu26-tA[CH2NHCOCHi]GRP  C-terminal  octapeptide  imparts  antagonist  activ¬ 
ity.  Furthermore,  the  N-terminus  should  not  be  acylated,  replacement  of  Asn19 
with  o-Phe19  greatly  enhances  the  potency  and  His20  has  a  slightly  better  antagonist 
effect  than  does  Gin20.  [DesMetl4]BN  analogs  have  already  been  shown  to  afford 
potent  BN  antagonists  [4],  In  conclusion,  the  new  C-terminal  i/r[CH2NHCOCH3] 
bond  promises  to  be  a  useful  peptide  backbone  modification  for  imparting 
antagonism  in  GRP/BN  analogs.  These  compounds  have  the  potential  of 
inhibiting  the  growth  of  SCLC. 
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Introduction 

Amylin,  a  37-residue  peptide  amide  with  a  single  disulfide  bond  initially  isolated 
from  the  amyloid  rich  pancreas  of  insulinoma  and  non-insulin  dependent  diabetic 
(N1DD)  patients,  exhibits  >  40%  structural  homology  with  calcitonin  gene-related 
peptides  (CGRP)  [1].  It  was  also  isolated  from  the  normal  pancreas  of  rat  [2]. 
Amylin  is  synthesized  and  stored  in  islet  cells  along  with  insulin.  Amylin  is 
present  in  high  concentrations  in  rat  hypothalamus  and  exhibits  a  potent 
inhibitory  effect  on  both  ad  lib  and  NPY-induced  feeding  in  rats  [3,4],  Amylin 
also  antagonizes  insulin-stimulated  peripheral  glucose  uptake  as  well  as  insulin- 
inhibited  hepatic  glucose  output  [5].  These  investigations  have  also  showed  that 
liver  is  more  sensitive  to  amylin  than  peripheral  tissues.  Furthermore,  these 
observations  suggest  that  amylin  may  play  a  role  in  the  pathophysiology  of 
NIDD.  It  appears  therefore  that  an  amylin  receptor  antagonist  may  have  great 
significance  both  for  fundamental  studies  and  perhaps  for  clinical  application 
as  well.  We  have  therefore  initiated  a  program  of  work  to  study  the  structure- 
function  relationship  of  amylin.  Towards  this  goal,  we  synthesized  both  human 
and  rat  amylin  by  SPPS,  investigated  their  secondary  structures  and  characterized 
the  amylin  binding  sites  in  HepG2  cells. 

Results  and  Discussion 

Human  and  rat  amylin  were  synthesized  by  automated  solid  phase  method 
using  tBoc-amino  acid  derivatives,  cleaved  by  HF,  oxidized  using  potassium 
ferricyanide  and  purified  by  RPHPLC.  These  peptides  which  were  obtained  in 
10-20%  overall  yields  had  the  expected  amino  acid  compositions,  masses  and 
primary  structures.  Chou-Fasman  algorithm  predicts  the  presence  of  three  distinct 
structural  domains  in  human  amylin:  a  short  a-helical  segment  between  residues 
8-13,  a  central  region  with  two  /3-sheet  segments  between  residues  14-19  and 
23-27,  and  a  C-terminal  region  with  /3-turns.  The  two  /?-sheet  regions  appear 
to  fold  over  to  form  an  antiparallel  /3-sheet  structure.  The  rat  amylin  model 
is  very  similar  to  that  of  human  except  for  the  absence  of  a  second  /3-sheet 
in  the  23-27  region  suggesting  that  rat  amylin  lacks  the  potential  to  form 


66 


Peptide  hormones 


Y - T 

Fig.  1.  Schematic  drawing  of  the  predicted  structure  of  human  amylin.  Rat  amylin  has  similar  structure 
except  for  the  absence  of  a  second  fi-sheet  between  residues  23-27.  ($.  a-helix;  M,  /3-sheet;  (~\ ,  13- 
turn;  — ,  random). 

antiparallel  /3-sheet  structures.  CD  investigations  also  showed  that  human  and 
rat  amylin  predominantly  exhibit  a  /3-sheet  and  random  structure,  respectively. 
These  observations  are  consistent  with  the  finding  that  amylin  amyloids  are 
found  in  humans  but  not  in  rats  [2]. 

In  the  binding  experiments,  125I-amylin(rat)  bound  to  the  HepGz  cells  with 
high  affinity  in  a  dose-dependent  manner.  This  binding  was  saturable,  reversible 
and  specific,  and  was  dependent  on  time  and  temperature.  Analysis  of  the 
association  and  dissociation  kinetics  data  revealed  the  presence  of  high  (Kd, 
5.56  pM)  and  low  (Kd,  2.79  nM)  affinity  receptors.  Peptides  unrelated  to  amylin, 
insulin  and  glucagon,  and  amylin  (8-37)  did  not  compete  with  l25I-amylin  even 
at  ljxM,  whereas  homologous  peptides,  human  amylin  (84%)  and  CGRP  (43%), 
inhibited  125I-amylin  in  a  dose-dependent  manner  but  were  less  potent  than  rat 
amylin.  Rat  amylin  stimulated  cAMP  production  by  hepatic  cells  in  a  concen¬ 
tration-dependent  manner  with  a  potency  (EDjo)  of  0.4  nM  indicating  the 
involvement  of  high  affinity  receptors  in  this  signal  transduction  process. 

In  conclusion,  specific  receptors  of  amylin  were  characterized  for  the  first 
time  and  shown  to  be  coupled  to  an  adenylate  cyclase  system.  This  system  could 
be  now  exploited  not  only  for  structure-function  studies  but  also  may  be  a  useful 
model  for  investigating  amylin  receptors  and  amylin  mediated  signal  transduction. 
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Introduction 

Neuropeptide  Y(NPY),  a  36-residue  peptide  amide  isolated  from  porcine  brain, 
is  widely  distributed  in  both  central  and  peripheral  nervous  systems  [1].  NPY 
is  now  regarded  as  the  most  predominant  peptide  present  in  the  nerve  fibers 
innervating  the  mammalian  heart  and  blood  vessels.  This  observation  and  the 
finding  that  NPY  is  synthesized  and  secreted  by  cardiac  myocytes  [2]  has  led 
to  active  investigations  of  the  cardiovascular  properties  of  NPY.  These  studies 
have  shown  that  NPY  exhibits  negative  inotropic  effects  on  isolated  hearts,  cardiac 
muscles  and  myocytes  [3,4],  NPY  has  also  been  shown  to  inhibit  cardiac  adenylate 
cyclase  (AC)  through  a  pertussis  toxin  sensitive  G  protein  [5],  The  cardiac  NPY 
receptors  characterized  in  our  laboratory  [6]  may  be  involved  in  mediating  these 
actions  of  NPY  on  the  heart.  Furthermore  we  have  shown  that: 

A)  cardiac  receptors  could  be  visualized  with  N“-Biotinvl-NPY  analogs  [7]; 

B)  the  C-terminal  region  of  NPY  is  important  for  interaction  with  cardiac 
receptors; 

C)  NPY(  18-36)  is  a  competitive  cardiac  NPY  receptor  antagonist  [8]. 

In  continuation  of  these  investigations  we  have  now  identified  a  fragment, 
NPY(  17-36),  which  exhibits  both  inhibitory  and  stimulatory  effect  on  rat  cardiac 
AC  activity.  Since  NPY  has  been  implicated  in  the  pathophysiology  of  congestive 
heart  failure  (CHF)  [9],  the  mechanism  of  the  biphasic  regulation  of  the  cardiac 
adenylate  cyclase  by  NPY(  17-36)  was  investigated. 

Results  and  Discussion 

Although  NPY(  17-36)  inhibited  the  125I-NPY  binding  to  rat  cardiac  ventricular 
membranes  with  a  potency  comparable  to  that  of  NPY,  in  contrast  to  NPY 
and  other  C-terminal  fragments,  NPY(  17-36)  exhibited  a  biphasic  effect  on  the 
isoproterenol  stimulated  cardiac  AC  activity.  Low  concentrations  of  NPY(17- 
36)  (<300  pM)  inhibited  AC  activity  while  high  concentrations  (1-10  nM)  of 
the  peptide  reversed  this  inhibitory  effect.  Further  increases  in  the  peptide 
concentrations  resulted  in  the  augmentation  of  isoproterenol  stimulated  AC 
activity.  In  order  to  further  understand  the  mechanism  of  the  biphasic  action 
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of  NPY(  17-36),  we  investigated  its  effects  on  the  basal  (10  /uM  of  GTP  or  GTP7S) 
cardiac  AC  activity  of  normal,  and  pertussis  (PT)  and  cholera  (CT)  toxins  treated 
membranes.  As  in  the  case  isoproterenol  stimulated  AC  activity,  NPY(  17-36) 
exhibited  a  biphasic  effect  on  the  basal  AC  activity  of  normal  cardiac  membranes 
(Fig.  1).  NPY(  17-36)  elicited  only  a  stimulatory  effect  on  PT  treated  membranes 
while  CT  abolished  the  stimulatory  effect  leaving  a  small  but  significant  inhibitory 
effect.  This  biphasic  effect  appears  to  be  unique  to  the  heart  because  NPY(17- 
36)  exhibited  only  an  inhibitory  effect  on  the  AC  of  rat  cerebral  cortex  just 
like  the  intact  hormone. 

NPY  cardiac  receptor  antagonist,  NPY(18-36).  at  a  concentration  of  10  nM 
blocked  the  inhibitory  effect  of  NPY(  17-36)  but  slightly  enhanced  the  stimulatory 
effect.  At  a  concentration  of  1  ^M,  however.  NPY(  18-36)  nearly  abolished  the 
entire  biphasic  effect  of  NPY(  17-36).  Intact  NPY  (1  j^M)  abolished  the  inhibitory 
effect  of  NPY(  1 7—36)  but  enhanced  the  stimulatory  effect.  NPY  (17-36)  (1  mM) 
behaved  like  a  physiological  antagonist  in  shifting  the  antiadrenergic  dose- 
response  curve  of  NPY  in  a  parallel  fashion  to  the  right. 

SAR  studies  indicated  that  N°-acetylation  and  C-terminal  deamidation  abo¬ 
lishes  both  the  inhibitory  and  stimulatory  effects  of  NPY(  17-36).  Introduction 
of  a  DNP  group  at  the  imidazole  group  of  histidine  resulted  in  a  more  pronounced 
biphasic  effect.  N“-Myristoyl  NPY(  17-36)  exhibited  only  a  stimulatory  effect. 

These  results  suggest  that:  1)  NPY(17-36)  inhibits  and  stimulates  cardiac  AC 
activity  by  interacting  with  high  and  low  affinity  receptors,  respectively;  2) 


Fig. 1  Effect  of  NPY(  17-36)  on  rat  cardiac  ventricular  membrane  adenylate  cyclase  activity  in  the 
presence  of  CITPyS  (10  pM)  Basal  activity  was  65. 9  pmols/mtn/mg  protein. 
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high  affinity  receptors  are  the  NPY  receptors  coupled  to  PT  sensitive  G  proteins 
while  the  low  affinity  receptors  which  are  distinct  from  adrenergic  receptors 
are  coupled  to  CT  sensitive  G  proteins  and  appears  to  have  no  affinity  for 
intact  NPY;  3)  NPY(  18-36),  at  high  concentrations,  behaves  as  an  antagonist 
of  NPY(17-36);  and  4)  biphasic  regulation  by  NPY(  17-36)  depends  on  receptor 
environment  as  well  as  pep  tide  structure.  Since  NPY  has  already  been  implicated 
in  the  pathophysiology  of  CHF,  NPY(  17-36)  or  its  analogs  such  as  N“-Myristoyl- 
NPY(  17-36)  which  exhibits  only  a  stimulatory  effect  and  that  could  attenuate/ 
nullify  NPY  actions  on  the  heart  may  have  potential  therapeutic  value. 
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Introduction 

Defining  the  interacting  surfaces  and  contact  sites  of  peptide  hormones  and 
their  receptors  is  one  of  the  major  aims  of  structure-function  studies.  The  insulin 
receptor  (IR)  is  a  disulfide-linked  p-a-a-fi  complex.  The  extra-cellular  a-subunit 
binds  the  hormone  [1].  We  have  recently  shown  that  a  N-terminal  domain  (amino 
acids  20  -  approx.  121)  is  involved  in  insulin  binding,  using  B29-(Napa-Bct)- 
insulin  and  avidin  complexation  for  isolation  of  the  labelled  domain  [2].  In 
order  to  obtain  further  information  on  the  hormone  binding  region,  we  have 
now  synthesized  and  applied  a  new  derivative  of  the  same  type,  but  labelled 
at  the  N-termmus  of  the  B-chain. 

Results  and  Discussion 

Al,B29-Msc2-insulin  was  subjected  to  2  cycles  of  Edman  degradation  to  remove 
amino  acids  PheBI  and  ValB2.  The  truncated  derivative  was  sequentially  acylated 
with  DCC/HOBt-preactivated  Boc-Lys(Msc)-OH,  then  Boc-Bct-OH,  and  finally 
Asa-OSu.  After  deblocking,  the  semisynthetic  (Bl-(4-azidosalicyloyl)-[LysBI 
(Biot),LysB2]insulin  (I)  was  purified  by  RPHPLC.  It  exhibited  a  biological  potency 
in  vitro  of  20  %  and  receptor  binding  of  15  %.  Radioiodination  gave  5  HPLC 
purified  isomers  with  125I  in  positions  B1  (28%,  =  la),  A14  (34%),  A19  (11%), 
B16  (15%)  and  B26  (22%). 

The  new  derivative  contains  the  following  features:  (1)  a  photoreactive  group, 
(2)  a  radioactive  label,  (3)  a  biotin  residue  and  (4)  a  new  tryptic  cleavage  site. 

Successful  binding  to  streptavidin  or  succinoylavidin  could  be  demonstrated 
with  I,  la  and  cross-linked  la/a-subunit  (intact  or  after  tryptic  digestion). 

UV  flash-induced  photoaffinity  labelling  (PAL)  of  IM-9  lymphocytes  and  IR 
from  human  placenta  with  la  gave,  upon  SDS/PAGE  and  autoradiography, 
specific  bands  of  the  a-subunit  (Mr  130,  reduced)  and  complete  receptor  (non 
reduced).  Analytical  tryptic  digestion  of  labelled  a-subunit  proceeded  via  for¬ 
mation  of  fragments  of  120,  95,  75,  55,  39  and  25  kDa  to  give  a  stable  peptide 
of  14.5  -  18  kDa. 

For  preparative  processing,  highly  purified  IR  from  5  placentae  was  labelled 
with  a  mixture  of  I  and  la  to  give  an  incorporation  of  approximately  20%. 
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The  covalent  complex  was  extensively  digested  with  trypsin,  and  the  resulting 
fragments  were  separated  by  gradient  RPHPLC.  UV  and  radioactivity  monitoring 
showed  each  one  major  peak,  but  with  differing  retention  times  (82  vs.  91  min). 
Both  fractions  contained  biotin  and  appeared  homogeneous  upon  rechroma¬ 
tography.  They  were  identical  except  for  the  presence  of  iodine,  which  caused 
the  shift  in  retention  time. 

When  subjected  to  microsequencing,  this  tryptic  domain  from  the  intact  IR 
(HPLC.  2D  elecuophoresis)  corresponds  to  a  sequence  from  the  ectodomain 
of  the  IR  [3].  W'e  conclude  that  the  domain  of  the  piacental  receptor  which 
was  covalently  labelled  encompasses  residues  390-470.  The  fragmentation  pattern 
clearly  differed  from  that  obtained  with  our  B29  photo-insulin  [2]. 

These  new  resuits  point  towards  a  second  domain  of  the  IR  to  which  insulin 
can  be  attached,  indicating  that  receptor  and  hormone  surfaces  are  in  close 
contact.  While  the  C-terminus  of  the  insulin  B-chain  is  bound  by  an  N-terminal 
receptor  domain,  the  N-terminus  of  insulin  is  cross-linked  to  a  domain  located 
in  the  C-terminal  half  of  the  a-subunit.  Both  domains,  separated  by  the  cysteine- 
rich  region  of  the  IR,  are  likely  in  close  proximity  and  form  a  binding  pocket 
for  insulin.  Our  results  are  in  agreement  with  the  model  proposed  by  Bajaj 
and  Blundell  [4],  and  recent  experimental  findings  [5,  6],  but  disagree  with  other 
reports  favouring  the  cysteine-rich  region  as  major  binding  site  [e.g.  7], 
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Introduction 

By  systematic  assay  of  synthetic  peptides  representing  overlapping  or  inter¬ 
cysteine  sequences,  several  regions  have  been  located  within  the  glycoprotein 
hormone  subnet'  (LH,  hCG,  FSH,  TSH)  that  are  capable  of  binding  to  target¬ 
cell  receptors  ^nd,  in  some  cases,  activating  post-receptor  events  such  as 
steroidoger  .us  [1-4].  Although  these  peptides  typically  show  binding  affinities 
in  the  range  KH-10-5  M,  together  they  have  been  postulated  to  form  a  binding 
‘domain’  with  the  full  activity  of  the  native  hormone.  We  have  previously 
evaluated  the  SAR  of  the  intercysteine  ‘determinant  loop’  (residues  93-100)  and 
‘large  loop’  (residues  38-57)  binding  sequences  in  the  hormone-specific  /3  subunit 
of  human  LH  and  hCG  [1].  Here  we  present  evidence  that  an  additional  region, 
residues  1-15  at  the  N-terminus,  may  be  involved  in  contact  with  both  the  receptor 
and  the  common  a  subunit. 

Results  and  Discussion 

The  four  sequence  differences  between  LH  and  hCG  (Fig.  1)  confer  both 
quantitative  and  qualitative  differences  to  the  dose-response  curves  in  an  ovarian 
membrane  receptor  assay.  The  higher  potency  of  the  hCG  peptide  (Table  1) 
may  in  part  explain  the  greater  activity  of  whole  hCG  found  in  some  assay 
systems.  The  steeper  slope  for  hLH  (-2.48)  is  influenced  by  Trp8,  since  its 
replacement  by  Arg  (as  in  hCG)  lowers  the  slope  to  that  of  hCG  (-1.18)  but 
does  not  affect  the  potency.  The  difference  in  slope  may  reflect  the  presence 
of  two  binding  sites  of  differing  affinity  in  the  hCG  peptide. 

1  2  3  4  5  6  7  8  9  10  11  12  13  14  15 

hCG:  Ser-Lys-Glu-Pro-Leu-Arg-Pro-Arg-Cys-Arg-Pro-Ile-Asn-Ala-Thr 

hLH:  -  Arg  -----  Trp  -  His  -  -  -  -  Ile 

Fig.  1.  Amino  acid  sequences  of  (I- 15)  peptides  from  hCG  and  hLH. 
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Table  1  Receptor  binding  by  ( 1-15)  peptides  and  analogs 


Peptide 

Kb* 

(Mx  10-5) 

Relative 

potency 

hCG0  (1-15) 

4.21 

1.0 

hCG/3  (2-15) 

9.58 

.43 

hCG/?  (3-15) 

27.8 

.15 

hCG/3  (7-15) 

36.0 

.11 

[Ala2]  hCG/}  (1-5) 

33.0 

12 

[Cys’]  hCG/3  (1-15) 

>500. 

<.01 

hLH>3  (1-15) 

26.1 

.16 

hLH/3  (7-15) 

>500. 

<01 

1  Concentration  effecting  half-maximal  inhibition  of  labeled  hCG  binding  to  ovarian  membrane 
receptors. 


The  complete  N-terminus  is  required  for  full  activity  (Table  1 ).  This  may  account 
for  the  absence  of  reported  N-terminal-shortened  forms  of  native  hormone,  in 
contrast  to  a  where  such  heterogeneity  is  common.  Loss  of  activity  is  especially 
marked  after  deletion  of  or  substitution  for  the  basic  residue  at  position  2.  In 
hCG,  but  not  LH,  detectable  residual  activity  remains  in  the  (7-15)  peptide. 

A  striking  effect  is  the  total  loss  of  activity  seen  upon  replacement  of  Cys9 
by  the  isosteric  residues,  Ala  or  Ser.  Either  the  sulfur  moiety  per  se  is  essential 
for  binding  or  the  substitution  alters  an  essential  turn  sequence,  as  predicted 
for  residues  8-10  using  Chou-Fasman  parameters.  Little  other  ordered  structure 
is  predicted,  and  CD  spectra  show  minimal  (<20%)  helix  or  sheet  in  either 
aqueous  or  helicogenic  (50%  TFA)  solvent.  This  contrasts  with  the  (38-57)  peptide 
which  has  a  prominent  amphipathic-helical  segment  [1].  The  (38-57)  peptide 
also  has  determinants  for  post-receptor  activation  that  are  lacking  in  (1-15). 
Neither  hCG  nor  hLH  (1-15)  stimulate  Leydig  cell  testosterone  production;  they 
are  in  fact  weak  antagonists  capable  of  inhibiting  activation  by  whole  hCG. 
albeit  at  lOMOMoId  molar  excess. 

In  addition  to  receptor  binding,  the  (1-15)  region  may  also  be  involved  in 
association  with  a  subunit.  Peptides  incorporating  this  sequence  have  been  shown 
[5]  to  retard  subunit  associaton.  We  have  used  the  photoaffinity  ligand,  p- 
benzoylphenylalanine  (Bpa)  [6-7]  to  document  directly  the  binding  of  (1-15) 
to  a.  The  Bpa  was  incorporated  during  synthesis  as  the  Boc-amino  acid  into 
the  hLH/3  (1-15)  peptide,  replacing  Trp8. 

Following  irradiation  (350  nm)  of  a  50: 1  (M:M)  excess  of  [3H]-Bpa-peptide: 
a  subunit  at  pH  8.0,  labeled  a  was  separated  from  reactants  by  Sephadex  G- 
100  gel  filtration.  Control  experiments,  including  incubation  without  irradiation 
and  incubation  with  an  unrelated  (Bpa)-peptide,  were  used  to  rule  out  nonspecific 
interaction.  The  pooled  or  fraction  was  reduced,  carboxymethylated  and  further 
purified  on  reversed-phase  HPLC.  Tryptic  mapping  by  HPLC  located  the  label 
to  a  peptide  representing  residues  (1-30)  in  the  a  subunit. 

The  N-terminal  (1-15)  sequence  represents  a  potential  receptor-binding  region 
in  the  /3  subunit  of  hLH  and  hCG,  joining  two  other  regions  in  /?  and  two 
in  a  in  contributing  to  the  fully-active  binding  domain  of  the  whole  hormone. 
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The  affinity  of  the  (1-15)  peptide  is  the  highest  located  to  date  in  the  hCG 
/?  subunit,  whereas  in  hLH  the  highest  affinity  is  found  in  the  (38-57)  peptide 
[1],  The  full  length  of  the  sequence  is  required  for  optimum  activity,  although 
weak  determinants  for  binding  in  the  (7-15)  region  from  hCG  may  contribute 
to  the  higher  potency  of  full-length  hCG  (1-15).  The  (1-15)  peptide  does  not 
carry  structural  information  for  post-receptor  activation.  It  does  appear  to  play 
an  unusual  dual  role,  however,  in  that  it  also  is  capable  of  associating  with 
a  in  a  region  localized  to  the  N-terminal  third  of  the  subunit.  The  use  of  the 
Bpa  photoaffinity  reagent  offers  a  promising  approach  to  defining  other  regions 
of  subunit  contact  in  these  complex  hormones. 
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Introduction 

Structure-activity  studies  of  GRF  and  conformational  analysis  (CD,  NMR 
and  molecular  dynamics  computations)  have  established  the  presence  of  a 
preferred  a-helical  conformation  that  may  be  involved  in  receptor  recognition. 
Linear  analogs  of  GRF  were  prepared  in  which  replacement  of  Gly15  by  Ala15 
results  in  enhanced  biological  activity  which  has  been  attributed  to  increased 
a-helicitv  and  maximized  of  amphiphilic  character  [1],  A  series  of  homologous 
20-membered  monocyclic  and  dicyclic  GRF  analogs  which  retain  biological 
activity  were  recently  reported  [2],  These  studies  were  extended  through  the 
synthesis  and  evaluation  (biological  and  conformational)  of  other  i-(i  +  4)  lactams 
at  positions  along  the  entire  length  of  [Alal5]-GRF(l-29)-NH2.  In  addition 
homologs  of  cyclo2l-25-[Alal5]-GRF(l-29)-NH2  were  prepared  to  study  the  effect 
of  the  i-(i  +  4)  ring  size  on  biological  activity  and  conformation. 

Results  and  Discussion 

A  series  of  i-(i-M)  cyclic  analogs  of  [Alal5]-GRF(l-29)-NH2  were  designed 
and  synthesized  representing  a  family  of  lactam  analogs  at  various  locations 
along  the  length  of  the  peptide.  The  cyclo4-8-.  cyclo8-12-,  cyclo12-16-  and  cyclo21-25- 
GRF  analogs  retained  high  in  vivo  potencies  but  cyclo16  20-[Ala15]-GRF(  1-29)- 
NH2  was  the  least  active  analog  in  the  series  (Table  1).  CD  studies  in  H20 
(pH  3)  revealed  that  the  most  active  i-(i-f  4)  cyclic  analogs,  cyclo4  8-,  cyclo812-, 
cyclo1216-  and  cyclo21-25-,  possessed  similar  levels  of  a-helicity  whereas  the  least 
active  analog  in  the  series,  cyclo,6-20-[Alal3]-GRF(l-29)-NH2  had  increased  a- 
helicitv  (Fig.  I),  Molecular  dynamics  calculations  based  on  2D  NMR  and  NOE- 
derived  distance  constraints  are  in  good  agreement  with  the  CD  studies.  The 
preferred  conformation  for  cyclo  l6-20-GRF  analogs  reveals  increased  rigidity  of 
the  central  a-helical  region. 

Homologs  of  cyclo2l-25-[Alal5]-GRF(l-29)-NH2  were  prepared  with  varying 
lactam  ring  size.  The  most  active  homologs  have  lactams  with  21-  and  20-members 
whereas  GRF  analogs  containing  <19-membered  rings  exhibit  substantially 
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WAVE  LENGTH,  ran 


tAl»,5l-GRT<1-M)-NH,  (Llfwar) 
Cyetoi2.i«^AW<S]^SRF(1.29)4IH2 


•  Cyc»tf*-*-{AI«'*|-QRF<l-»hNH, 

.  Cyrto’^-IAla’^-ORHl-WHlH, 


WAV*  LENGTH,  nm 

Cye(»<0pf*,*Clui*HAJAlsj*GflEO-29HIHj  (IKnwKMd  ring) 

Cycto-(OfnJ'-A«p3sH>U»,5]-GRE<t-2«H4H,  rtofl) 

o  C)re<oJLy»J'^uI5HAli'»]<JRf(1.M)-NH,  (21-nwmbvnd  ring) 

•  C)rt3o<L)r»3,-A«pJ1HAl«1  *1-<3RP(' -Wl-NHj  (20-fH*mb«f«J  rtng) 


/>*.  /■  Upper:  Circular  dichroism  of  ifi+4)  cyclic  analogs  of  [Ala'1  ]-GRF(l-29)-NH;  at  various 
backbone  positions.  Lower:  Circular  dichroism  of  cyclo 2125 [ Alals ]-GRF(l-29)-NH2  analogs  wth  varying 
ring  size. 
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Table  1  Biological  activity  (in  vitro)  of  ifi  +4)  cyclic  analogs  of  [ Ala15 J-GRF( l-29)-NH ) 
at  various  backbone  locations  and  with  varying  ring  size. 


GRF  Analog 

Ring 

size 

%  Helix 

Relative 

potency 

H,0 

75%  MeOH 

(PH3)  (pH6) 

GRFG-44FNH, 

1.00 

GRF(  l-29)-NH-> 

18 

84 

0.71 

[AlaIJ]-GRF(l-29)-NH; 

20 

98 

3.81 

Backbone  location  analogs 
Cyclo(LvsJ-Asp!')-[Alal'|-GRF(  l-29)-NH- 

20 

33 

90 

1.58 

Cvclo(Asps-Lvsi:)-[Alal5]-GRF(  l-29)-NH  -> 

20 

34 

92 

0.77 

Cvclo(Lvsi;-Glulf,)-[Ala1'l-GRF(  l-29)-NH- 

21 

32 

97 

0.80 

C  vclo(Gru"’-Lvs;,,)-[  Ala1' |-GRF(  1-29  )-NH' 

21 

42 

93 

0.24 

Cyclo(Lys;l-Asp-'5HAla'']-GRF(l-29)-NH: 

20 

30 

97 

1.33 

Lactam  ring  size  analogs 

Cyclo(  Lys2l-Glu“F(  Ala'  51-G  RF(  1 -29VNH  2 

21 

26 

86 

0.72 

Cyclo(Lys;l-Asp25F[Alal5]-GRF(  l-29)-NHi 

20 

32 

98 

1.33 

Cyclo(Orn2,-Asp25HAIa'5l-GRF(l-29FNHi 

19 

16 

58 

0.04 

Cyclo(Dpr2,-Glu23HAIa,5l-GRF(l-29}-NHi 

18 

12 

52 

0.03 

Cyclo(Dpr21-Asp2'HAla'5l-GRF(l-29)-NH, 

17 

0.06 

decreased  biological  activity  (Table  I ).  Conformational  analysis  reveals  that  the 
preferred  conformations  for  the  potent  21-  and  20-membered  lactams  retain 
significantly  more  a-helicitv  than  the  biologically  inactive  homologs  possessing 
<19-membered  rings  which  have  a  partially  destabilized  a-helix.  These  studies 
demonstrate  that  stabilization  of  the  a-helix  is  an  important  factor  for  biological 
activity  in  the  GRF  system.  However,  rigidity  of  the  central  a-helical  region 
may  hinder  the  backbone  from  assuming  a  required  conformation  for  optimal 
receptor  binding. 
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Introduction 

Structure-activity  studies  with  analogs  of  GRF  have  demonstrated  that  the 
biological  activity  resides  in  the  amino-terminus  domain  of  the  molecule  [1], 
It  has  been  shown  that  cleavage  of  the  amino-terminal  dipeptide  occurs  upon 
exposure  of  GRF  to  human  plasma  and  the  resultant  fragments  are  essentially 
biologically  inactive  [2].  Recently,  the  structure  of  mouse  GRF  was  reported 
[3]  and  the  chemically  synthesized  material  confirmed  the  presence  of  a  unique 
His'-Val2  sequence  [4],  We  have  determined  that  the  His'-Val2  moiety  rendered 
the  molecule  resistant  to  degradation  by  DPP-IV.  A  series  of  novel  GRF  analogs 
containing  the  His'-Val2  sequence  together  with  our  previously  reported  mo¬ 
difications  were  designed  to  evaluate  the  importance  of  the  His'-Val2  sequence 
with  respect  to  enzyme  stability  and  potency. 

Results  and  Discussion 

Human  placental  DPP-IV  proteolysis  of  GRF(l-44)-NH2  occurs  between  Ala2- 
Asp3  with  an  initial  velocity  of  4.5  /nmol  min-'  mg-'  (Table  1).  Stability  studies 
with  GRF(l-29)-NH2  and  [Ala15]-GRF(l-29)-NH2  gave  similar  rates  of  cleavage 
which  are  in  agreement  with  our  findings  for  these  peptides  in  human  plasma 
[2].  The  modified  superactive  analog,  [desNH2Tyr',D-Ala2,Ala‘5]-GRF(l-29)- 
NH2  shown  previously  to  be  resistant  to  degradation  in  human  plasma  [2],  was 
also  not  cleaved  by  human  placental  DPP-IV.  [His1, Ala'5]-GRF(  1-29 )-NH2 
retained  the  high  potency  incurred  by  the  Ala'5  modification  but  was  readily 
cleaved  by  the  enzyme  and  it  was  concluded  that  His'-Ala2  is  a  good  substrate 
for  the  enzyme.  In  contrast,  the  similarly  potent  analog,  [His‘,Val2.  Ala15]-GRF(  1- 
29)-NH2  was  completely  resistant  to  proteolysis. 

Another  series  of  analogs  was  prepared  with  substitution  of  Met27  with  Leu 
and  extension  at  the  carboxyterminus  which  includes  the  presence  of  a  free  carboxy 
function.  These  modifications  will  enable  these  analogs  to  be  compatible  with 
conventional  recombinant  DNA  synthesis.  [His',Alal5,Leu27]-GRF(l-32)-OH 
showed  high  potency  but  was  also  a  good  substrate  for  the  enzyme. 
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Table  1  Biological  activity  and  enzymatic  stability  of  GRF  analogs 


Analog 

Cleavage  by  DPP-IV 
(Vo/^mole  min-'  mg-')* 

Relative 

Potency6 

GRF(l-44)-NH, 

4.5 

J.O 

GRF(l-29)-NH2 

5.0 

0.8 

[Alal5]-GRF(l-29)-NH2 

5.0 

3.81 

[desNHiTyr1  ,t>  Ala2,  Ala'  5]-GR  F(  1 -29FN  H, 

0 

4.70 

[His' .  Ala'51-GRF(1-29FNH2 

3.0 

3.03 

[His',Val2,AlalSl-GRF(l-29FNH^ 

0 

2.58 

[His',Ala'5.Leu27l-GRF(I-32FOH 

1.8 

3.01 

[His',Val2,Ala'5,Leu27l-GRF(l-32)-OH 

0 

2.40 

[Val2,Ala'5,Leu27l-GRF(l-32FOH 

0.04 

0.32 

[His',lle2.Ala'5.Leu27l-GRF(l-32VOH 

0 

1.59 

3  Human  placental  DPP-IV  (pH  7.8.  37°C).  An  initial  velocity  of  “0”  indicates  no  proteolysis  over 
24  h  of  incubation. 
b  Rat  pituitary  cell  culture  bioassay. 


[His',Val2,Alal5,Leu27]-GRF(l-32)-OH  Was  the  most  promising  analog  in  the 
series  since  it  retained  high  potency  and  was  not  a  substrate  for  the  enzyme. 
[Val2,Alal5,Leu27]-GRF(l-32)-OH  was  only  slightly  degraded  but  showed  marked 
loss  in  biological  activity.  The  introduction  of  lie  at  position  2,  [His1, lie2, 
Ala15,Leu27]-GRF(l-32>OH,  resulted  in  an  analog  which  was  resistant  to 
enzymatic  cleavage  but  possessed  only  moderate  in  vitro  potency.  In  vivo  studies 
with  key  analogs  are  in  progress. 
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Introduction 

Potent  antiovulatory  (AO)  LHRH  analogs  have  4  or  5  D-amino  acids,  e.g. 
N-Ac-D-Nal-D-4-F-Phe-D-Trp-Ser-Tyr-D-Arg-Leu-Arg-Pro-Gly-NH2,Nal- 
Arg  [1]  and  N-Ac-D-Nal-D-Cpa-D-Trp-Ser-Tyr-D-Arg-Leu-Arg-Pro-D-Ala-NH2, 
Antag  [2],  where  Nal  =  3-(2-Naphthyl)*Ala;  Cpa  =  4-ChIoro-Phe.  When  admi¬ 
nistered  to  rats,  unfortunately,  histamine  release  (HR)  becomes  a  serious  side 
effect  caused  by  the  cationic  charges  of  the  two  arginines  and  a  highly  lipophilic 
N-terminus  [3].  Antagonists  were  later  designed  with  only  one  cationic  charge,  e.g. 
N-Ac-D-Nal-D-Cpa-D-Pal-Ser-Lys(Nic)-D-Lys(Nic)-Leu-ILys-Pro-D-Ala-NH2, 
Antide  [4]  and  N-Ac-D-Nal-D-Cpa-D-Pal-Ser-Lys(Pic)-D-Lys(Pic)-Leu-ILys-Pro- 
D-Ala-NH2  Antide(Pic),  where  Pal  =  3-(3-Pyridyl)-Ala;  Nic  =  Nicotinoyl;  Pic  = 
Picolinoyl;  ILys  =  Lys(iPr).  These  antagonists  are  potent  in  the  AO  assay  (AOA) 
[5]  and  are  weak  in  the  HR  assay  (HRA)  [3]  To  simplify  radiolabeling  for 
biological  studies,  N-Ac-D-Nal-D-Cpa-D-Pal-Ser-Lys(Pic)-D-Lys(Pic)-Leu-Arg- 
Pro-D-Ala-NH2,  [Arg*]Antide(Pic),  was  made  as  parent  antagonist  (PA)  of 
analogs  with  Arg8  translocated  to  different  sites. 

Results  and  Discussion 

Peptides  (Table  1)  were  synthesized  by  SPPS.  Boc-amino  acids  were  used, 
including  those  of  Ser(Bzl),  ILys(Z),  Arg(Tos),  Tyr(Dcb),  D-Trp(For).  Peptides 
were  removed  from  resins  by  ammonolysis  and  were  freed  from  blocking  groups 
with  HF/anisole.  Peptide  5  was  assembled  on  an  MBHA  resin  and  was  treated 
with  NH3/MeOH  to  remove  the  formyl  group  from  D-Trp(For)10,  and  free  5 
was  obtained  by  treatment  of  the  resin  with  HF/anisole.  Analogs  were  purified 
by  preparative  HPLC,  and  purity  was  asessed  by  HPLC,  TLC,  and  amino  acid 
analysis. 

As  expected,  substitution  of  ILys8  of  PA  with  Arg8  led  to  4  with  high  AO 
activity.  Substitutions  with  Arg9  or  Arg10  led  to  1-3  with  no  activity.  However, 
substitution  with  Arg7  or  ILys7  led  to  6,  9  and  13  with  good  AO  activity.  This 
is  of  interest,  since  most  antagonists  have  a  basic  amino  acid  at  position  8, 
thought  to  be  essential  for  binding  to  LHRH  receptors,  and  also  because  these 
analogs  were  much  weaker  in  the  HRA.  Substitution  with  D-Arg6  or  Arg5  led 
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Table  1  AO A  and HRA  for  LHRH  antagonists 


Substituents  in  PA 

No. 

AOA  (rats  ovulating/ 10  rats) 

HRA 

dose  in  >jg 

EDW  pg/ml 

1 

2  2.5 

5 

Trp*.D-Argio-NH2 

1 

10/10 

'7 

Trp*,Arg9 

2 

10/10 

40 

Trp*,Arg9-Histamide10 

3 

9/10 

219 

Arg* 

4 

4/10 

1/10 

2.7 

Arg*,D-Trpl0-NHj 

5 

10/10 

6.5 

Arg7,Trp* 

6 

10/10 

8/10 

92 

D-Arg6,Trp* 

7 

10/10 

0/10 

11 

Arg5,Trp* 

8 

10/10 

7/10 

17 

Arg7, Leu* 

9 

6/10  1/10 

86 

Arg7,Lys(iPr)* 

10 

9/10 

1/10 

0/10 

6.3 

Lys(iPr)7,Lys(iPr)* 

11 

7/10 

13 

D-Trp3,Tyr5, o-Arg*,  Arg7, Leu* 
ILys7, Leu* 

12 

10/10 

2.6 

13 

6/10 

186 

ILys7,  Abu* 

14 

>300 

ILys7,Ala* 

15 

>300 

ILys7,Lys(Pic)* 

16 

87 

ILys7,Lys(Nic)* 

17 

70 

LHRH 

138 

Nal-Arg 

0.19 

Antide  [4] 

>300 

Antide(Pic)  [4] 

93 

Antag  [3] 

0.1 

to  7  and  8  which  also  maintained  AO  activity  but  were  more  active  than  6 
in  HR.  Substitutions  with  ILys7  and  neutral  amino  acids  at  position  8  led  to 
14-17,  made  in  attempts  to  improve  AO  activity. 

Of  great  significance  is  that  substitution  with  Arg7,  D-Arg6,  or  Arg5  led  to 
6,  7,  and  8  respectively,  which  are  much  weaker  in  the  HRA  than  PA,  with 
6  being  the  weakest.  Substitution  with  ILys7  led  to  13,  even  weaker  than  6 
in  the  HRA.  ILys7  together  with  neutral  amino  acids  at  position  8  led  to  analogs 
14-17  which  were  also  weak  in  HR,  with  the  smaller  amino  acids  Ala8  and 
Abu8  being  the  weakest.  To  test  the  reliability  of  these  observations,  we  transposed 
Leu7  and  Arg8  in  Antag  and  prepared  12  which,  as  predicted,  showed  much 
lower  activity  in  the  HRA.  In  conclusion,  the  substantial  activities  of  analogs 
9  and  13  in  the  AOA,  coupled  to  a  lower  potency  in  the  HRA  makes  them 
interesting  leads  for  the  design  of  future  LHRH  antiovulatory  antagonists 
endowed  with  lower  release  of  histamine  as  a  side  effect. 
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Introduction 

In  a  search  for  GRF  analogs  with  improved  metabolic  stability  and  enhanced 
potency  in  vivo,  we  focused  on  substituting  the  native  Ala^residue  in  GRF 
with  various  natural  amino  acids.  The  main  goal  was  to  make  GRF  resistant 
to  dipeptidylpeptidase-IV  (DPP-IV),  a  plasma  enzyme  which  rapidly  inactivates 
GRF  in  vitro  and  in  vivo  via  cleavage  at  the  2-3  peptide  bond  ([1],  and  references 
within).  Additionally,  a  Gly15  —  Ala'5  modification  was  implemented  since  such 
a  replacement  can  increase  GRF  inherent  potency  [2],  Eleven  novel  position 
2/Alal5-modified  analogs  of  [Leu27]bGRF(l-29)NH2  (1,  parent  peptide)  were 
made  by  SPPS  and  evaluated  for  their  metabolic  stability  in  bovine  plasma 
in  vitro  [3],  GH-releasing  potency  in  both  rat  anterior  pituitary  cells  in  vitro 
[4]  and  in  steers  in  vivo  [5]. 

Results  and  Discussion 

[Va|2,Ala*5,Leu27lbGRF(l-29)NH2  (2)  and  [lie2, Ala1*,  Leu27]bGRF(l-29)NH2 
(3)  were  identified  as  novel,  superpotent  GRF  analogs.  2  and  3  were  successfully 
stabilized  against  DPP-IV  cleavage  and  their  half-lives  were,  respectively,  1 1 
and  16  times  longer  than  that  of  1  in  bovine  plasma  in  vitro.  Although  the 
activities  of  2  and  3  were  not  different  from  that  of  the  parent  peptide  1  in 
pituitary  cell  cultures  (Fig.  1),  in  steers,  at  a  dose  of  0.01  nmol/kg,  both  analogs 
were  twice  as  active  as  the  native  hormone  (p<0.05)  and  equipotent  to  the 
previously  identified  superpotent  GRFs,  [Thr2,Ala15,Leu27]bGRF(l-29)NH2  [1] 
and  [desNH2Tyrl,D-Ala2,Alal5]hGRF(l-29)NH2  [2]  (Fig.  2).  The  other  nine 
position  2/Alal5-substituted  GRFs  from  this  series  were  also  resistant  to  cleavage 
at  the  2-3  peptide  bond  in  bovine  plasma  in  vitro  but  were  significantly  less 
active  than  1  in  pituitary  cell  cultures  (Fig.  1).  They  were  not  statistically  different 
from  the  native  bGRF(l-44)NH2  when  tested  for  serum  GH  release  in  steers 
(Fig.  2).  The  superior  in  vivo  performance  of  the  [Val2,Ala15]  and  [lle2,Alal5]GRFs 


85 


T.M.  Kubtak  et  al. 


• - - 

T/ 


Analog.  nM 


Fig.  I.  Effects  of  GRF  analogs  on  GH  release  in  rat  anterior  pituitary  cell  cultures  in  vitro.  Assay 
conditions  as  described  in  [4] 


Fig.  2.  Serum  bGH  levels  after  a  single  dose  (0.0 1  nmol/kg)  iv  injection  of  position  2/ Ala15  substituted 
analogs  of  [Leu*7 JbGRF(l-29)NHi  in  the  meal-fed  steer  model  [5}  dNHfTyr'o-Ala2  denotes  [desNffr 
Tyrl,  t>- Ala2,  Ala" JhGRF(l-29)NH}  ( 2J.  Note  that  bGRF(l-44)NH:  and  /  were  equally  active  under 
similar  in  vivo  assay  conditions  as  reported  in  [If. 
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seems  to  be  attributed  to  both  enhanced  metabolic  stability  and  high  intrinsic 
potency. 
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Introduction 

The  inversion  of  the  natural  sequence  Pro828,  Lys829  in  human  insulin  (HI) 
generates  a  nearly  monomeric  hormone  (KP)  that  is  fully  potent  and  fast  acting. 
The  structural  basis  for  these  observations  was  investigated  through  the  synthesis 
of  a  series  of  analogs  similarly  modified  at  the  B28,29  positions. 

Results  and  Discussion 

Insulin  analogs  in  which  position  B28  was  varied,  and  B29  was  substituted 
with  proline  were  derived  by  several  techniques.  These  included  chain  combi¬ 
nation,  trypsin-catalyzed  semisynthesis,  £.co//-expressed  precursors,  and  mixtures 
of  the  above.  B-chain  S-sulfonate  analogs  and  shorter  fragments  were  obtained 
by  conventional  solid  phase  peptide  synthesis.  Insulin  analogs  were  purified  by 
combinations  of  RPHPLC,  ion  exchange  and  gel  permeation  chromatography. 
Analysis  of  purity  was  completed  by  methods  that  included  AAA,  FAB/MS. 
HPSEC,  RPHPLC  and  peptide  mapping  following  Staphylococcus  aureus  V8 
protease  digestion. 

Sedimentation  equilibrium  analysis  [1]  was  conducted  on  a  number  of  analogs 
to  determine  weight  average  molecular  weight  (Mw)  as  a  function  of  protein 
concentration.  In  Fig.  1  is  displayed  the  dramatic  decrease  in  Mw  for  each  analog 
studied  as  compared  to  HI.  At  a  concentration  of  1.0  mg/ml,  KP  possesses 
a  weight-average  molecular  weight  1.3  times  that  of  the  monomer  molecular 
weight  and  approximately  one-third  that  of  HI  [2]. 

HI  analogs  in  the  Xaa828,  Pro829  series  are  nearly  equivalent  to  HI  in  binding 
to  the  insulin  receptor  (60-112%  relative  to  HI  by  an  in  vitro  placental  membrane 
assay)  with  the  notable  exceptions  of  Xaa  =  Phe,  Trp,  and  Gly  (<50%). 
Substitution  of  Asp  for  His  at  position  BIO  enhanced  the  relative  affinity  of 
the  Glu-,  Gin-,  Val-,  Asp-,  and  Lys-substituted  Xaa828,  Pro829  analogs  two  to 
three-fold  [3]. 

In  vivo  potency  of  the  Xaa828,  Pro829  analogs  was  assessed  by  s.c.  administration 
to  fasted  normal  rats.  The  first  analog,  KP,  was  108%  as  potent  as  HI 
(ED50  =  7.2±0.3  pg/kg  for  KP  and  7.8  ±0.1  pg/kg  for  HI)  [4],  The  range 
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Fig.  I.  Ultracentrifuge  equilibrium  sedimentation:  Xaa^.Pro^-'9  analogs  and  insulin. 

of  potency  in  the  Xaa828,  Pro829  series  was  determined  to  be  50-125%.  Suprisingly 
the  Asp810  analogs  were  reduced  in  potency  relative  to  their  C-terminally  modified 
counterparts.  The  biological  activity  and  time-action  of  KP  and  HI  were  similarly 
assessed  in  dogs.  The  resulting  data  clearly  indicate  that  KP  administration  results 
in  quicker  serum  insulin  uptake  characterized  by  more  rapid  onset  of  blood 
glucose  reduction  [4,5]. 

Molecular  dynamics  simulations  were  completed  on  both  HI  and  the  inverted 
analog  using  a  Lilly  Cray-2  supercomputer  to  assist  in  the  understanding  of 
the  physical  and  biological  data.  A  significant  perturbation  of  the  C-terminal 
portion  of  the  KP  B-chain  relative  to  that  of  HI  was  found.  While  the  displacement 
of  the  B-chain  clearly  results  in  a  lesser  ability  to  self-associate,  there  is  no 
apparent  reduction  in  receptor  recognition. 

Through  a  variety  of  synthetic  methods  a  series  of  insulin  analogs  have  been 
successfully  prepared.  Movement  of  proline  from  position  B28  to  B29  and 
substitution  of  various  amino  acids  at  position  B28  result  in  analogs  having 
faster  onset  and  shorter  duration  of  action  than  human  insulin.  Computer¬ 
generated  molecular  dynamics  simulations  suggest  the  relative  change  in  protine 
position  results  in  a  reordered  backbone  structure  of  the  B-chain  C-terminal 
region.  This  subtle  change  in  structure  suppresses  the  tendency  of  insulin  to 
self-associate  and  thereby  explains  the  observed  properties. 
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Introduction 

Growth  Hormone  Releasing  Hormone  (GHRH)  is  known  to  be  inactivated 
rapidly  at  proteolytically  susceptible  cleavage  sites  which  are  sensitive  to  such 
enzymes  as  dipeptidyl  peptidase  (DPP-IV)  [1]  and  trypsin  [2].  We  have  seren- 
dipitously  found  that  hydroxyalkylation  offers  a  means  of  protecting  the  growth 
hormone  releasing  activity  of  GHRH  as  well  as  extending  its  biological  half- 
life.  Exposure  of  GHRH  to  ethylene  oxide  sterilization  yielded  a  dramatic  increase 
in  biopotency  as  compared  to  pre-treated  peptide.  Decreased  lysine  and  tyrosine 
content  was  observed  by  amino  acid  analysis  following  acid  hydrolysis.  It  was 
concluded  that  nucleophilic  attack  on  ethylene  oxide  by  available  amino  groups 
had  led  to  an  irreversible  hydroxyalkylation  at  Tyr1  and  Lys12-21.  An  enhanced 
hydroxyalkylation  was  performed  using  glycoaldehyde/sodium  borohydride  [3]. 
It  was  the  intent  of  this  study  to  explore  hydroxyethylation  as  a  means  of  protecting 
GHRH  from  proteolysis,  and  to  determine  specifically  which  amino  groups, 
when  modified,  contributed  to  the  enhanced  bioactivitv. 

Results  and  Discussion 

hGHRH  was  reductively  alkylated  with  acetaldehyde  and  dl-glyceraldehyde 
[4]  to  yield  the  respective  ethylated  and  2,3-dihydroxypropylated  analogs.  Each 
displayed  a  greater  area  under  the  growth  hormone  curve  than  the  parent  peptide 
in  an  anesthetized  rat  model  at  3  Mg/kg  (i.v.).  The  2,3-dihydroxypropylated 
GHRH,  however,  showed  a  significantly  longer  duration  of  action  over  the 
ethylated  peptide.  When  incubated  in  vitro  with  porcine  plasma,  the  former 
exhibited  an  increased  stability,  which  was  approximately  five-fold  greater  than 
that  of  the  native  peptide. 

To  determine  the  identity  of  the  increased  stability,  we  reduced  the  number 
of  possible  alkylation  sites.  Selective  orthogonal  protection  of  the  lysine  residues 
with  trifluoroacetyl  and  2-C1Z  provided  three  analogs  of  GHRH  by  SPPS.  HF- 
cleavage  of  the  2-C1Z  protecting  group  followed  by  dihydroxypropylation  yielded 
selective  alkylation.  Upon  removal  of  the  trifluoroacetyl  protection,  three  uniquely 
alkylated  analogs,  all  bearing  modification  at  the  N-terminus  were  obtained. 
One  analog  was  modified  at  both  lysines,  while  the  other  two  were  singly  modified 
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at  one  of  the  two  lysine  sites.  All  three  analogs  were  significantly  (p<0.05) 
better  stimulators  of  plasma  growth  hormone  (GH)  than  was  the  parent  peptide 
when  administered  to  the  rat.  This  enhanced  bioactivity  was  a  consequence  of 
prolonged  half-life  since  their  rate  of  degradation  in  vitro  was  significantly  less 
than  that  of  hGHRH.  Potency  in  stimulating  GH  secretion  by  cultured  rat 
pituitary  cells  [5]  appeared  to  be  similar  to  native  peptide.  This  suggested  that 
alkylation  at  either  lysine  residue  was  of  minimal  importance  and  the  N-terminus 
was  the  predominant  site  controlling  the  observed  effect. 

To  confirm  the  assignment  of  the  N-terminus  as  the  crucial  site,  a  GHRH 
was  prepared  where  the  two  lysines  were  substituted  with  arginine.  Dihydroxy- 
propylation  of  the  Arg 12  :21  analog  yielded  an  analog  selectively  modified  at  the 
Tyr1  residue.  When  tested  in  the  rat  model,  this  alkylated  analog  displayed  greater 
stimulation  of  plasma  GH  than  unmodified  or  native  peptide  and  a  significantly 
prolonged  duration  of  action. 

Our  observations  demonstrate  an  increased  in  vivo  bioactivity  of  hydroxy- 
alkylated  GHRH  analogs  with  no  change  in  potency  at  the  pituitary  level.  We 
attribute  these  results  to  an  enhanced  stability  to  proteolysis.  This  appears  to 
be  primarily  a  result  of  N-terminus  modification  and  inhibition  of  plasma  DPP 
IV-like  proteolytic  activity.  These  findings  may  be  of  value  in  potentiating  the 
activity  of  biosynthetic  GHRH  peptides. 
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Introduction 

The  heterodimeric  hormone,  insulin,  is  synthesized  in  the  /3  cell  of  the  pancreas 
as  the  single  chain  precursor,  proinsulin,  in  which  the  carboxyl  terminus  of 
the  B-chain  is  linked  via  a  C-peptide  to  the  amino  terminus  of  the  A-chain. 
Proinsulin  itself  is  a  weak  insulin  agonist  that  possesses  a  longer  in  vivo  half- 
life  than  insulin,  rendering  it  a  possible  substitute  for  the  commonly  employed 
longer-acting  insulin  formulation  [1],  A  form  of  proinsulin  specifically  clipped 
at  the  Arg65-Gly66  bond  is  more  potent  than  proinsulin  while  retaining  prolonged 
in  vivo  activity  [2],  To  generate  more  active  proinsulin-like  peptides,  we  envisioned 
the  construction  of  an  ‘inverted’  proinsulin  molecule  where  the  carboxyl  terminus 
of  the  A-chain  is  connected  to  the  amino  terminus  of  the  B  chain  by  the  C- 
peptide,  leaving  the  GlvAI  residue  free. 

Inverting  the  order  of  the  natural  B-C-A  proinsulin  sequence  to  A-C-B  provides 
important  advantages  to  the  biosynthesis  of  insulin  and  related  analogs.  Pro¬ 
duction  of  proinsulin  in  E.  coli  requires  laboratory  processing  of  a  chimeric 
precursor,  with  reagents  such  as  cyanogen  bromide,  to  liberate  the  PheBI  residue. 
It  has  been  demonstrated  that  small  amino  acids  penultimate  to  the  initiator 
methionine  markedly  facilitates  the  endogenous  processing  of  the  immature 
precursor  to  the  naturally  occurring  form.  This  observation  suggests  that  the 
GIyAI  residue  could  serve  as  a  site  for  bacterial  processing.  An  important  and 
unpredictable  feature  upon  which  the  success  of  this  approach  rested  was  whether 
the  repositioned  C-peptide  would  allow  for  efficient  disulfide  pairing  and 
subsequent  conversion  to  insulin. 

Results  and  Discussion 

Transformation  of  E.  coli  with  a  plasmid  coding  for  A-C-B  human  proinsulin 
(A-C-B  HPI)  led  to  the  stable  production  of  the  protein.  By  a  process  of  cell 
disruption,  sulfitolysis,  anion-exchange  chromatography,  refolding  and  RP- 
HPLC,  we  were  able  to  purify  to  homogeneity  two  proteins  which  differed  only 
at  their  amino  terminii.  The  less  predominant  peptide  had  the  expected  amino- 
terminal  sequence  that  started  with  Gly1  of  the  A-chain,  while  the  more  prominent 
form  possessed  a  preceding  Met  residue. 
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The  S-sulfonate  forms  of  the  A-C-B  peptides  converted  to  the  proper  disulfide 
bonded  structures  with  surprisingly  high  efficiency.  The  structures  were  confirmed 
by  peptide-mapping  using  RPHPLC  after  proteolytic  digestion  with  trypsin/ 
pepsin.  Both  proteins  were  shown  to  possess  the  inverted  sequence  by  amino- 
terminal  sequencing.  In  vitro  biological  testing  demonstrated  that  A-C-B  HPI 
and  the  Met0  analog  were  more  potent  than  proinsulin.  Interestingly,  each  peptide 
while  of  increased  in  vitro  potency  relative  to  proinsulin,  still  maintained  the 
lengthened  duration  of  in  vivo  action  (Table  1).  Finally,  we  were  able  to  generate 
fully  active,  native  human  insulin  from  A-C-B  HPI  by  proteolytic  transformation 
using  trypsin  and  carboxypeptidase  B. 


Table  1  In  vivo  hypoglycemic  effect  of  insulin  analogs “ 


Analog 

Maximum  hypoglycemic 
effect  (%) 

ED5o 

(nmol/kg) 

Relative  biological 
action  to  insulin 

I  h 

2  h 

1  h 

2  h 

1  h 

2  h 

Insulin 

59.0 

45.7 

1.3 

1.6 

100.0 

100.0 

Proinsulin 

55.1 

61.0 

9.1 

8.2 

14.3 

19.5 

ACB  HPI 

60.5 

69.5 

3.3 

3.4 

39.3 

47.1 

Met-ACB  HPI 

54.4 

64.8 

8.4 

5.1 

15.4 

31.3 

a  In  vivo  activity  of  the  insulin  analogs  was  assessed  using  fasted  male  Sprague-Dawley  rats. 


The  results  of  this  study  illustrate  the  versatile  yet  subtle  nature  of  the  structure- 
function  relationships  within  the  insulin  molecule.  The  A-C-B  proinsulin  con¬ 
figuration  represents  a  dramatic  departure  from  proinsulin,  yet  biopotency  is 
enhanced.  The  natural  sequence  of  proinsulin  (B-C-A)  appears  more  a  result 
of  efficiency  in  proteolytic  conversion  to  insulin  than  the  ability  to  form 
appropriate  disulfides  or  inherent  biopotency.  Of  a  more  pragmatic  value  is 
the  demonstration  that  by  leaving  the  amino  terminal  group  of  GlyAI  free,  we 
have  generated  an  insulin  analog  which  is  more  potent  than  proinsulin  but  retains 
the  longer  in  vivo  half-life  of  proinsulin.  Such  a  structure  may  prove  to  be 
a  foundation  for  the  development  of  a  long-acting  basal  insulin  replacement. 
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Introduction 

The  conformationally  restricted  (cyclic)  phenylalanine  analogs  2-aminoindan- 
2-carboxylic  acid  (Aic)  and  2-aminotetralin-2-carboxylic  acid  (Ate)  were  sub¬ 
stituted  for  Phe  in  the  cyclic  dermorphin  analog  H-Tyr-D-Orn-Phe-Glu-NH2  (1) 

which  lacks  significant  opioid  receptor  selectivity.  Substitution  of  the  latter  amino 
acids  not  only  produces  conformational  constraints  in  the  side-chain  but  also 
limits  the  d>,i/f-angles  at  the  3-position  to  values  around  <j>  =  - 50°,  i/r  =  -50°  and 
<b  =  +  50°,  i/f  =  +  50°.  Aic  and  Ate  were  synthesized  by  a  modified  version  of 
the  Strecker  synthesis  and  the  cyclic  lactam-type  peptide  analogs  were  prepared 
using  an  orthogonal  protection  scheme  [1].  Compounds  were  tested  in  opioid 
receptor  binding  assays  and  in  the  guinea  pig  ileum  (GPI)  and  mouse  vas  deferens 
(MVD)  assay  as  described  [2].  To  better  understand  the  effects  on  receptor 
selectivity  and  stereospecificity  due  to  the  conformational  constraints  introduced 
at  the  3-position  of  the  Aic-  and  Atc-peptides,  analogs  of  I  containing  C“- 
methylphenylalanine  (C"MePhe),  or/Ao-methylphenylalanine  (oMePhe),  l-  and 
D-homophenylalanine  (Hfe)  and  3-(l'-naphthyl)alanine  (1-Nal)  in  place  of  Phe3 
were  also  prepared  and  tested.  Finally,  in  an  effort  to  reduce  the  structural 
flexibility  of  the  exocyclic  Tyr  residue  in  these  cyclic  analogs,  compounds  in 
which  7-hydroxytetrahydroisoquinoline-3-carboxylic  acid  (Htc)  or  6-hydroxy-2- 
aminotetralin-2-carboxylic  acid  (Hat)  replaced  Tyr1  were  synthesized  and  char¬ 
acterized. 

Results  and  Discussion 

In  comparison  with  parent  peptide  1,  the  analog  H-Tyr-D-Orn-Aic-Glu-NH2 

(2)  showed  only  four  times  lower  n  receptor  affinity  but  65  times  lower  affinity 
for  8  receptors  and,  consequently,  greatly  improved  m  selectivity  (K?/K'-  =  49.6) 
(Table  1).  Since  analogs  4  and  5  are  distinguished  from  analog  3  merely  by 
the  opening  of  one  or  the  other  of  two  adjacent  bonds  in  the  five-membered 
ring  structure  of  Aic3,  comparison  of  the  receptor  affinity  profiles  of  these  three 
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Table  1  Opioid  receptor  affinities  of  cyclic  dermorphin  analogs a 


No. 

Compound 

K*;  [nM] 

K?  [nM] 

Kj/K*! 

1 

H-Tyr-D-Orn-Phe-Glu-NH2 

0.981 

3.21 

3.27 

2 

H-Tyr-D-Orn-D-Phe-Glu-NHj 

1660 

14000 

8.43 

3 

H-Tyr-D-Orn-Aic-GIu-NHj 

4.21 

209 

49.6 

4 

H-Tyr-D-Om-C‘,MePhe-Glu-NH2 

7.17 

54.6 

7.62 

5 

H-T  y  r-o-Orn-o  MePhe-GIu-N  H2 

1.92 

9.22 

4.80 

6 

H-Tyr-o-Orn-(D  or  L)-Atc-Glu-NH2  (I) 

8.26 

1570 

190 

7 

H-Tyr-D-Orn-<D  or  L)-Atc-Glu-NH2  (II) 

26.3 

3510 

133 

8 

H-Tyr-D-Orn-Hfe-Glu-NH-) 

1  | 

1.17 

15.4 

13.2 

9 

H-Tyr-D-Orn-D-Hfe-Glu-NH2 

258 

2600 

10.1 

10 

H-Tyr-o-Orn-  l-Nal-Glu-NH2 

2.56 

50.7 

19.8 

11 

H*{d  or  L)-Htc-oOm-Phe-Glu-NH2  (I) 

1  _j 

1680 

18200 

10.8 

12 

H-{d  or  L>-Htc-D-Om-Phe-Glu-NH2  (II) 

|  | 

235 

7050 

30.0 

13 

H-(d  or  L)-Hat-D-Om-Phe-Glu-NH2 

2.91 

10.8 

3.71 

14 

H-(d  or  L>Hat-D-Orn-Phe-Glu-NH2  (II) 

54.2 

74.7 

1.38 

15 

H-(D,L)-Hat-D-Orn-Aic-Glu-NH2 

7.68 

119 

15.5 

16 

[Leu5]enkephalin 

9.43 

2.53 

0.268 

*  Displacement  of  [3H]DAGO  (^-selective)  and  (3H]DSLET  (6-selective)  from  rat  brain  membrane 
binding  sites. 


analogs  permits  the  unambiguous  conclusion  that  the  high  p  receptor  selectivity 
of  the  Aic3-analog  is  exclusively  the  consequence  of  the  conformational  restriction 
imposed  through  ring  closure  in  the  side-chain.  For  the  preparation  of  H-Tyr- 
p-Qrn-(p  or  Ly-Atc-Glu-NH;  racemic  Ate  was  used  and  the  resulting  diaste- 

reomeric  peptides  were  separated  by  RPHPLC.  Both  diastereomers  (6,  7)  were 
highly  ^-selective  and,  in  contrast  to  the  weak  affinity  observed  with  the  d- 
Phe3-analog  (2)  as  compared  to  the  L-Phe3-analog  (1),  both  had  similar  potency. 
Thus,  stereospecificity  was  lost  as  a  consequence  of  side-chain  conformational 
restriction,  presumably  because  the  D-Atc3-analog  binds  to  the  receptor  in  a 
manner  different  from  that  of  the  D-Phe3-analog.  In  the  case  of  the  D-Phe3- 
analog  a  stepwise  binding  process  may  occur  such  that  the  D-Phe3  side  chain 
never  has  a  chance  to  bind  to  the  hydrophobic  receptor  subsite  with  which 
the  t-Phe3  aromatic  ring  of  1  interacts.  The  observation  that  the  L-Hfe3-anaiog 

(8)  has  again  over  200  times  higher  p  receptor  affinity  than  the  D-Hfe3-analog 

(9)  is  interesting  because  Ate  represents  a  conformationally  restricted  analog 
of  both  Phe  and  Hfe  (with  reversed  configurational  relationships!).  The  receptor 
binding  site  with  which  the  aromatic  rings  of  1  and  8  interact  appears  to  be 
fairly  large,  since  it  is  also  able  to  accommodate  the  naphthyl  ring  of  the  analog 
H-Tyr-D-Orn-l-Nal-Glu-NH2  (10)  which  retains  high  p  receptor  affinity.  Con- 
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Fig.  1.  Structural  representation  of  the  rigidified  cyclic  opioid  peptide  analog  Hfn.i)-Hat-n- 
Orn-A  ic-Glu-NH %. 

I _ I 

figurational  inversion  of  Ate  produces  a  change  in  the  way  the  aromatic  ring 
is  fused  to  the  cyclohexane  structure  by  shifting  it  from  one  position  to  an 
adjacent  one.  This  shift  in  the  positioning  of  the  aromatic  ring  is  tolerated  by 
the  (large)  hydrophobic  binding  site  and,  due  to  the  side-chain  conformational 
constraints,  the  process  of  binding  of  not  only  the  l-  but  also  the  D-Atc3-analog 
is  such  that  the  Ate  aromatic  ring  is  forced  to  interact  with  this  binding  site. 

Both  diastereomers  of  H-(d  or  L)-Htc-D-Orn-Phe-Glu-NH2  (11,  12)  had  re¬ 
latively  low  receptor  affinity,  indicating  that  the  conformational  constraints 
resulting  from  replacement  of  Tyr1  with  Htc  are  not  well  tolerated.  On  the  other 
hand,  one  of  the  diastereomers  of  H-(d  or  i_)-Hat-D-Orn-Phe-Glu-NH2  (13,  14) 

showed  an  opioid  receptor  affinity  profile  similar  to  that  of  1.  High  /u  receptor 
affinity  was  also  displayed  by  H-(D,L)-Hat-D-Orn-Aic-Glu-NH2  (15)  which 

essentially  contains  only  two  freely  rotatable  bonds  (Fig.l)  and,  therefore, 
represents  one  of  the  most  rigid  opioid  peptide  analogs  reported  to  date. 

All  compounds  behaved  as  agonists  in  the  GPI  and  MVD  assays,  and  none 
of  them  showed  significant  affinity  for  k  receptors. 
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Introduction 

Over  the  last  several  years,  considerable  research  has  been  devoted  to 
development  of  selective  agonists  and  antagonists  of  the  brain-gut  peptide 
cholecystokinin  (CCK).  Although  several  laboratories  have  reported  CCK- 
peptide  analogs  with  high  affinity  and  selectivity  for  CCK-B  (brain)  receptors 
[1-3],  most  of  these  compounds  are  linear  or  cyclic  hepta-  or  octapeptides  derived 
from  CCK-8.  It  is  well-known  that  CCK-4,  the  C-terminal  tetrapeptide,  contains 
all  of  the  necessary  elements  for  binding  and  activation  of  CCK-B  receptors 
and  has  moderate  selectivity  for  brain  over  peripheral  (CCK-A)  receptors.  Thus, 
we  developed  a  series  of  conformationally-restricted  tetrapeptides  based  on  Bcc- 
CCK-4  (Boc-Trp-Met-Asp-Phe-NHj)  with  the  objective  of  obtaining  highly  potent 
and  selective  CCK-B  ligands  that  could  function  as  pharmacological  probes  and 
as  tools  to  gain  insight  into  possible  bioactive  peptide  conformations  for  the 
ultimate  design  of  CCK  peptidomimetics. 

Results  and  Discussion 

A  series  of  CCK-4  peptides  was  prepared  by  systematically  replacing  ea^h 
of  the  amino  acids  in  Boc-CCK-4  (1)  with  a  variety  of  natural,  unnatural, 
conformationally  constrained  and  dehydro  amino  acids  (Table  I).  All  peptides 
were  synthesized  using  standard  solution  phase  techniques.  The  amino  acids 
Ctp,  t-3-PP  and  c-3PP  were  not  available  commercially  and  were  prepared  using 
reported  procedures  [4,5].  Radioligand  binding  assays  were  conducted  as  de¬ 
scribed  previously  [6,7]. 

The  results,  summarized  in  Table  1,  show  that  acceptable  single  amino  acid 
replacements  were  identified  at  all  positions  (compounds  2-15)  with  the  exception 
of  Asp  (data  not  shown).  Particularly  potent  constrained  analogs  included  those 
containing  t-3PP  (4)  and  Ctp  (9),  while  the  Thi  (6),  (NMe)Phe  (10),  Tic  (14) 
and  A*  Phe  (15)  replacements  provided  analogs  of  comparable  affinity  to  that 
of  the  parent  (2).  Acceptable  individual  constraints  were  then  combined  to  produce 
a  series  of  multi-constrained  analogs  (16-24).  High  affinity  analogs  were  obtained 
for  all  combinations  except  for  Ctp  plus  Tic  (23)  and  Pip  plus  Tic  (24).  All 
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Table  1  Binding  affinities  of  CCK-4  analogs 


No. 

Structure 

IC50  (nMf 

Guinea  pig  cortex 

1 

Boc-Trp-Met- Asp-  Phe-N  H ; 

24.6  ±  4.5 

(6) 

2 

-Leu- 

45.0  ±  7.7 

(10) 

3 

-Pro- 

750  ±78 

(4) 

4 

-t-3PP-b 

!.9±  0.43 

(6) 

5 

-Pip-C 

85.7  ±  10 

(3) 

6 

-Thi-J 

42.2  ±  9.8 

(6) 

7 

Boc-or-Nal-Leu-Asp-Phe-NH, 

421 

(2) 

8 

Boc-0-Nal- 

26.7  ±  5.9 

(3) 

9 

Ctp-J 

1.9±  0.17 

(13) 

10 

Boc-Trp- Leu- Asp-(N  Me)  Phe-N  H. 

15.7  ±  3.1 

(5) 

11 

-a-Nal-NH, 

23.7  ±  5.7 

(3) 

12 

-/?-Nal-NHi 

55. 2±  13.7 

(3) 

13 

-Trp-NH2 

25.3  ±  9.6 

(3) 

14 

-Tic-NHid 

34.3  ±  11.3 

(8) 

15 

-  AJPhe-NH-> 

54 

(2) 

16 

Ctp-Pip-Asp-Phe-NHj 

29.9  ±  10.3 

(3) 

17 

-Thi-d 

8.8  ±  0.55 

(6) 

18 

-t-3PP- 

0.7  ±  0.07 

(5) 

19 

-C-3PP-" 

30.0  ±  6.0 

(3) 

20 

-t-3PP-Asp-(NMe)Phe-NHi 

2.2  ±  0.4 

(3) 

21 

-Leu-Asp-(NMe)Phe-NH-i 

3.8  ±  0.7 

(3) 

22 

-  A'Phe-NHi 

22.8  ±  3.8 

(3) 

23 

-Tic-NH' 

1530 

(2) 

24 

Boc-Trp-Pip-Asp-Tic-NH: 

17600  ±2650 

(3) 

1  Values  represent  the  mean  ±  SE.  The  number  of  determinations  is  indicated  in  parentheses.  Each 
determination  was  conducted  in  duplicate  with  less  than  10%  sample  variability. 
h  t-3PP  =  trans-3-n-propyl-L-prolvl:  c-3PP  =  cis-isomer. 

1  Pip  =  L-pipecolinvl. 


Thi=  <  , 


CO- 


ctP=^jr^ 
h 

compounds  had  affinities  in  the  ^imolar  range  (not  shown)  to  pancreatic  CCK- 


A  receptors. 

The  most  potent  analog  of  the  series  was  A-63387  (18),  which  exhibited  high 
affinity  for  guinea  pig  brain  receptors  (IC50  =  0.7  nM)  and  poor  affinity  for 
guinea  pig  pancreatic  receptors  (IC5o  =  6200  nM).  Consistent  with  its  high 
selectivity  for  CCK-B  sites  (8857-fold),  A-63387  proved  to  be  a  weak  agonist 
in  stimulating  amylase  release  from  pancreatic  acinar  cells  (EC50  =  6200  nM), 
but  was  a  potent  stimulator  of  calcium  mobilization  in  NCI-H345  cells  (EC50  =  5.5 
nM),  which  express  CCK-B/gastrin  receptors  [8].  The  latter  effect  was  blocked 
by  the  CCK-B  antagonist  L-365,260  but  not  by  MK-329,  the  selective  CCK- 
A  antagonist. 

This  series  of  constrained  analogs  also  has  provided  insight  into  possible 
bioactive  conformations  for  interaction  at  the  CCK-B  receptor.  Computer 
modeling  studies  were  conducted  using  an  Aufbau  approach  starting  with  Ctp 
and  subsequent  addition  of  successive  amino  acids.  A  combination  of  molecular 
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Fig.  /.  Stereoview  of  A-63387  ( 18)  in  proposed '  bioactive"  conformation. 

dynamics,  simulated  annealing,  energy  minimization  and  template  forcing  tech¬ 
niques  on  members  of  this  series,  as  well  as  a  related  series  of  diketopiperazine- 
containing  analogs  [9],  afforded  a  model  (Fig.  1)  that  is  consistent  with  the 
SAR  observed  for  both  series.  This  model  is  being  utilized  to  compare  con¬ 
formations  of  other  CCK-B  selective  analogs  and  for  the  design  of  new  CCK- 
B  ligands. 
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Introduction 

/3-Casomorphins  are  peptides  with  moderate  opioid  activity  which  may  be 
released  from  the  milk  protein  /9-casein  by  proteolytic  fragmentation.  In  order 
to  study  their  structure-activity  relationships  we  obtained  linear  and  cyclic  analogs 
by  substitution  of  different  d-  and  L-a,a>-diaminocarboxylic  acids  (Lys,  Orn, 
A2bu  [2,4-diaminobutyric  acid])  for  the  proline  in  position  2  of  the  parent  peptide 
sequence.  In  this  paper,  we  report  the  opioid  receptor  binding  profiles  and  the 
in  vitro  opioid  activities  of  these  analogs. 

Results  and  Discussion 

The  linear  and  cyclic  analogs  were  synthesized  by  conventional  solution 
methods.  The  cyclic  structures  were  obtained  through  ring  closure  of  the  2- 
position  side  chain  amino  function  to  the  C-terminal  glycine  COOH  group  using 
an  optimized  DPPA  procedure  [1]. 

The  introduction  of  the  L-diaminocarboxyiic  acids  resulted  in  inactive  com¬ 
pounds  [2],  whereas  the  linear  analogs  with  the  appropriate  D-isomers  (1,2)  showed 
better  binding  affinities  and  in  vitro  opioid  activities  than  the  unmodified  /9- 
casomorphin-5  (Table  1).  Cyclization  of  the  D-Orn  containing  linear  sequence 
1  resulted  in  cyclic  analog  3  with  high  affinity  to  both  p-  and  6-opioid  receptors. 
Substitution  of  D-Pro  in  the  4-position  of  the  latter  analog  led  to  the  cyclic 
compound  4  with  further  enhanced  activity. 

Further  restriction  of  conformational  variability  of  the  ring  structure  was 
achieved  by  N-methylation  of  the  Phe3  residue  of  cyclic  peptide  4.  This 
modification  produced  a  100  times  lower  p  receptor  affinity.  The  affinity  drop 
may  be  due  to  either  the  additional  conformational  constraint  introduced  in 
the  peptide  backbone  at  the  3-position  residue  or  the  steric  interference  by  the 
bulky  N-methyl  group  which  may  prevent  optimal  interaction  with  a  receptor 


103 


R.  Schmidt  et  al. 


Table  1  Binding  affinity  and  opioid  activity  of  linear  and  cyclic  fi-casomorphin-5  analogs 


No.  Analog 

GPI 

IC»[nM) 

MVD 

ICsofnM] 

[JH]DAGO* 

IC*>[nM] 

[JH1DADLE* 

lOOfnM] 

1  Tyr-D-Om-Phe-Pro-Gly 

719 

3  770 

230 

5000 

2  Tyr-D-Orn-Phe-D-Pro-Gly 

836 

3  630 

200 

5000 

3  Tyr-c[-D-Orn-Phe-Pro-Gly-] 

13.4 

69.9 

25.7/1000 

123 

4  Tyr-c[-D-Om-Phe-D-Pro-Gly-] 

2.14 

4.89 

1.2/39.4 

12/86 

5  Tyr-c(-D-Orn-MePhe-D-Pro-Gly-) 

41.7 

194 

123/1000 

n.d. 

6  Tyr-c[-D-Lys-Phe-Pro-Gly-] 

4.65 

51.4 

13.6/3000 

43/1000 

7  Tyr-c[-D-Lys-Phe-D-Pro-Gly-] 

4.3 

16.3 

0.2/61 

9.6/2300 

8  Tyr-c(-D-A2bu-Phe-o-Pro-Gly-] 

1.06 

4.67 

0.3/3 

4.78/400 

9  Phe-c[-o-Orn-Phe-Pro-Gly-] 

384 

2  580 

1990/26600 

700/40000 

10  Phe-c[-D-Orn-Phe-o-Pro-Gly-] 

62.3 

351 

2  100/n.d. 

10  700/170000 

11  Phe-o-Orn-Phe-D-Pro-GIy 

10600 

48  500 

20100 

234000 

Tyr-Pro-Phe-Pro-Gly  (/3-CM-5) 

2  260 

11400 

660 

>  10000 

*  Values  are  calculated  from  competition  curves  (15  to  20  concentrations)  by  means  of  computer  curve 
fitting  [5].  In  the  case  of  two  values  two  binding  sites  were  obtained. 


subsite.  In  agreement  with  the  receptor  binding  data,  analog  5  also  showed 
a  20-fold  and  45-fold  potency  decrease  in  the  GPI  and  MVD  assay,  respectively, 
in  comparison  to  compound  4.  An  even  more  dramatic  reduction  in  potency 
had  previously  been  observed  upon  N-methylation  at  the  Phe3  residue  in  the 
ju-selective  cyclic  dermorphin  analog  Tyr-p-Orn-Phe-Asp-NH2  [3]. 

Increasing  the  ring  size  through  insertion  of  an  additional  methylene  group 
in  the  2-position  side  chain  (analogs  7)  resulted  in  enhanced  receptor  binding. 
Interestingly,  reduction  of  the  ring  size,  as  achieved  through  replacement  of 
D-Orn2  by  D-A2bu,  also  produced  an  affinity  increase.  These  ring  size  variations 
had  about  the  same  effect  on  p  and  6  receptor  affinity  and,  therefore,  the  receptor 
selectivity  profile  was  not  significantly  altered. 

The  cyclic  casomorphin  analogs  (3-9)  showed  biphasic  competition  curves  in 
both  [3H]DAGO  and  [3H]DADLE  binding  assay  indicating  an  interaction  with 
multiple  binding  sites.  Thus,  the  question  arises  which  subtype  of  opioid  receptors 
may  be  involved.  Some  conclusions  could  be  drawn  from  the  attempt  to  correlate 
the  binding  affinities  with  the  opioid  activities  determined  in  the  in  vitro  bioassays. 
As  for  p  receptors,  a  high-affinity  site  p\  and  a  low-affinity  site  p2  have  been 
proposed  to  exist  in  the  CNS  [4],  whereas  the  GPI  preparation  has  been  expected 
to  contain  mainly  p2  receptors.  Potencies  observed  with  the  analogs  in  the  GPI 
assay  showed  a  good  correlation  with  affinities  for  the  low-affinity  sites  p2 
determined  in  the  [3H]DAGO  binding  assay,  but  relatively  poor  correlation  with 
affinities  for  the  high-affinity  site  p,.  Our  findings  are  thus  in  harmony  with 
the  proposed  p\/ p2  receptor  subsite  model. 

As  contrasted  with  the  [3H]DADLE  labelled  binding  sites  we  obtained  a  very 
close  correlation  between  the  high-affinity  sites  and  the  peptide  activities  in  the 
MVD  test,  whereas  there  were  clear  deviations  in  terms  of  the  correlation  with 
the  low-affinity  sites.  Since  DADLE  has  been  shown  to  bind  to  both  p\-  and 
5-sites,  these  findings  can  be  considered  to  indicate  that  the  high-affinity  binding 
sites  detected  in  the  [3H]DADLE  binding  assay  represent  the  5  receptor. 
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The  question  of  whether  the  hydroxyl  group  of  the  tyrosine  in  position  1 
is  essential  for  opioid  activity  is  not  yet  clarified.  We  tested  a  series  of  linear 
and  cyclic  Phe'-casomorphins  and  obtained  cyclic  analogs  showing  a  reduced 
but  still  remarkable  activity  in  the  GPI  and  MVD  bioassays.  Although  the  linear 
analog  Phe-D-Orn-Phe-D-Pro-Gly  (11)  possesses  only  weak  activity  in  both 
binding  and  bioassays,  this  compound  produced  a  3  times  higher  analgesic  potency 
after  i.c.v.  application  in  the  rat  tail  flick  test  compared  with  morphine.  We 
came  to  the  conclusion  that  other  possibly  non-opioid  mechanisms  can  be  expected 
to  be  involved  in  the  analgesic  action  of  this  analog. 

Using  HPLC  methods,  some  experiments  were  carried  out  to  predict  the 
lipophobicity  of  our  compounds.  These  studies  have  shown  that  the  more 
hydrophobic  analogs,  characterized  by  higher  retention  times  in  different  solvent 
systems,  are  much  less  active  opioid  agonists.  In  all  our  series  the  faster  eluting 
peptides  were  compounds  with  higher  opioid  activity  and  receptor  affinity. 
Further  work  should  be  done  to  get  more  information  about  the  relationships 
between  the  compounds’  lipophobicity  and  activity  which  could  be  important 
for  the  bioavailability  in  vivo. 
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Introduction 

Overexpression  of  high  affinity  receptors  for  different  peptides  on  tumor  tissues 
is  a  well-known  phenomenon.  Investigations  which  have  mainly  been  performed 
by  J.C.  Reubi  in  collaboration  with  different  clinicians  demonstrated  a  wide¬ 
spread  occurrence  of  somatostatin  (SRIF)  receptors  on  various  endocrine-related 
tumors  such  as  pituitary  adenomas,  oat  cell  carcinomas  of  the  lung,  meningiomas, 
malignant  breast  tumors,  and  different  types  of  lymphomas  [1,2].  This  has  opened 
the  possibility  for  scintigraphic  localization  of  such  tumors  using  a  radiolabelled 
somatostatin  derivative.  Since  octreotide  (SMS  201-995  or  Sandostatin®),  a  stable, 
highly  active  analog  of  natural  somatostatin,  cannot  be  radiolabelled  directly 
with  the  7-emitting  radionuclide  '-3I,  tyrosine-3  octreotide  was  developed  for 
this  purpose  by  Lamberts  and  Krenning.  The  scintigraphs  obtained  in  animals 
and  in  patients  [3,4]  were  of  outstanding  quality  compared  to  standard  available 
techniques  including  monoclonal  antibodies. 

The  procedure  used  by  Krenning  et  al.,  has,  however,  some  drawbacks  which 
might  hamper  its  general  application.  For  that  reason  we  have  used  the  well 
known  chelating  agent  diethylentriaminepentaacetic  acid  (DTPA)  which  labels 


Preparation  of  DTPA-DPhe'-Octreotide 


general  reaction  scheme 


H.OPhe.C»s-Ph*-OTrp-LT$-Thr-C»5-Thr(ol) 

1)  BoejO/DMF 

2)  DTPA-Dianhydride 
WaferDioxan? 

31  TFA 

HOOC-CH,  H,C-COOH  CH,COOH 

\*  I  / 

/N-(CH2)2.N-ICH2)rN^  r - ! 

HOOC-CII  CHj-CO-DPhr-Ors-Plw-DTrp-Lxs-Thr-Cvs-Thrloti 

OVERALL  YIELD  10  % 

Fig.  I.  Preparation  of  [DTPA-n-Phe1  /-octreotide 
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ORUG,  (nmol/0 

Fig.  2.  Displacement  of  [ 1,1  In  JSDZ  215-811  by  various  SRI F  analogs. 

proteins  in  peptides  in  a  simple  one-step  procedure  with  1  "Indium,  to  develop 
a  more  generally  applicable  imaging  agent. 

Results  and  Discussion 

Synthesis  of  [DTP A-o-Phe1 f  octreotide  (Fig.  1) 

Protected  [€-r~butyloxy-carbonyl-Lys5]-octreotide  was  synthesized  by  the  re¬ 
action  of  octreotide  with  di-f-butyl-dicarbonate  in  dimethylformamide.  N"- 
diethylenetriaminepentaacetic  acid  (DTPA,  Fluka)  was  coupled  to  the  selectively 
protected  octreotide  in  form  of  its  dianhydride  [5].  Deprotection  with  trifluor- 
acetic  acid  and  subsequent  sequential  purification  yielded  homogeneous  [DTPA- 
D-Phe'j-octreotide  as  lyophilisate  with  10  %  overall  yield. 

Preparation  and  purification  of  P,lIn-DTPA-D-Phe'  f  octreotide 
[DTPA-o-Phe1  (-octreotide  was  labelled  with  mIn  by  reaction  of  2  pg  peptide 
in  20  m1  0.1  M  acetic  acid  with  37  MBq  UiIn  in  20  m1  0.04  M  HC1. 

Binding  of  radioligand  f 1 1  In-DTPA-o-Phe'  f  octreotide 
The  inhibitory  effect  of  various  somatostatin  analogs  in  competition  expe¬ 
riments  was  determined,  using  ("'In-DTPA-D-Phe'J-octreotide  as  specific  ligand. 
The  rank  order  of  potency  of  the  compounds  tested  was  consistent  with  their 
ability  to  inhibit  GH-release  from  pituitary  cells  (Fig.  2).  SDZ  203-304  (Lys- 
ol8)-octreotide  and  SDZ  204-354  [Orn5]-octreotide  which  are  relatively  ineffective 
inhibitors  of  GH  secretion  also  exhibited  weak  affinities  to  the  binding  site  [6]. 

In  vivo  localization  of  SRIF-receptor  positive  tumors 

Rats  bearing  azaserine  induced  (CA  20948)  transplantable  exocrine  pancreatic 
tumors  were  treated  by  intravenous  injections  of  [nlIn-DPTA-D-Phe!]-octreotide 
(0.5  mCurie)[6]. 
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Fig.  3.  In  vivo  localization  of  SRIF-receptor  positive  tumors. 


The  highly  labelled  tumor  is  clearly  visible  together  with  the  organs  where 
the  most  important  excretion  takes  place,  i.e.  the  kidneys  and  the  bladder  (Fig. 
3).  An  important  Finding  is  the  absence  of  high  background  activity  in  the  liver 
and  the  lung  as  well  as  in  the  GI  tract,  due  to  the  high  hydrophilicity  of  this 
analog.  After  these  encouraging  results  in  animals,  the  radionuclide  was  then 
used  with  excellent  results  in  patients  who  had  SRIF-positive  tumors. 

In  summary,  the  use  of  this  high-affinity,  DTPA-modified  SRIF  analog  will 
allow  the  detection  of  SRIF  receptor  positive  tumors  and  their  metastases,  which 
have  been  difficult  to  localize  with  available  technology  so  far.  It  further  helps 
to  identify  those  tumors  which  should  most  likely  benefit  from  a  therapy  with 
octreotide. 
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Introduction 

Excessive  accumulations  of  paired  helical  filaments  (PHFs)  are  characteristic 
of  the  filamentous  lesions  found  in  Alzheimer’s  disease  (AD).  These  PHFs  are 
the  principal  structural  elements  of  neurofibrillary  tangles  (NFTs),  one  of  the 
hallmark  pathologic  abnormalities  of  AD  [1].  While  not  restricted  exclusively 
to  AD,  NFTs  nevertheless  correlate  with  the  severity  of  the  dementia  in  AD 
[1].  PHFs  also  occur  in  2  other  distinct  AD  lesions  (i.e.  in  the  dystrophic  neurites 
surrounding  amyloid-rich  senile  plaque  cores  and  in  the  so-called  neuropil  threads 
that  are  thought  to  represent  altered  axons  and/or  dendrites  [1]).  Recent  amino 
acid  sequencing  studies  of  isolated  PHF  proteins  and  protein  fragments  have 
identifed  r,  a  group  of  low  Mr  microtubule  associated  proteins  as  the  major 
building  blocks  of  PHFs  [2,3].  However,  the  r  proteins  isolated  from  PHFs 
in  AD  brains  (also  known  as  A68)  are  not  identical  to  normal  r  itself.  For 
example,  compared  to  normal  r,  A68  has  a  higher  Mr,  a  more  acidic  isoelectric 
point  and  is  far  less  soluble  in  non-ionic  detergents.  Furthermore,  enzymatic 
dephosphorylation  of  A68  (using  the  enzyme  alkaline  phosphatase)  increases 
the  electrophoretic  mobility  of  dephosphorylated  A68  species  such  that  they 
co-migrate  almost  identically  with  r  in  SDS-PAGE  gels  [2].  This  suggests  that 
the  inappropriate  or  abnormal  phosphorylation  of  normal  t  may  be  a  mechanism 
whereby  these  r  species  are  transformed  into  A68.  To  identify  potential  abnormal 
phosphorylation  site(s)  in  A68,  we  developed  antisera  to  phosphorylated  (at 
Ser)  and  non-phosphorylated  peptides  that  modeled  a  motif  in  t,  i.e.  the  single 
KSPV  at  residues  395-398  [4],  We  then  showed  that  these  2  antisera  differentiated 
A68  from  r.  We  focused  on  this  KSPV  sequence  because  our  previously  described 
KSPV  specific  monoclonal  antibodies  recognized  all  r  isoforms  without  enzymatic 
dephosphorylation  in  Western  blots,  but  they  only  reacted  with  AD  NFTs  in 
tissue  after  enzymatic  dephosphorylation  [5].  This  prompted  us  to  speculate 
that  the  KSPV  sequence  in  r  may  not  be  a  normal  phosphate  acceptor  site. 
Hence,  we  sought  to  determine  if  the  transformation  of  normal  r  into  A68 
might  involve  the  abnormal  phosphorylation  of  Ser396. 
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4: 


Fig.  1.  CD  curves  of  synthetic  peptides  in  trifluorethanol.  - J3:  —  T3P.  Peptide  concentration 

was  determined  by  HPLC.  The  T3  peptide  exists  in  3l(rhelix  conformation  or  in  a  series  of  / 3-turns . 
The  T3P  peptide  is  mostly  random  coil,  but  assumes  a  small  percentage  of  /?- pleated  sheet  structure. 


Material  and  Methods 

A  peptide  (designated  as  T3  peptide)  was  designed  to  model  residues  389— 
402  (GAEIVYKSPVVSGD)  in  human  r  and  it  was  synthesized  using  Fmoc 
chemistry.  A  phosphorylated  form  of  the  same  peptide  (designated  as  the  T3P 
peptide)  also  was  prepared  by  selective  phosphorylation  of  the  first  Ser  (i.e. 
Ser396  in  human  r)  as  described  earlier  [6].  The  peptides  were  purified  on  reversed- 
phase  HPLC  and  the  location  of  the  phosphate  on  T3P  was  determined  by 
sequencing.  The  conformation  of  the  peptides  was  determined  using  circular 
dichroism  (CD).  Rabbit  polyclonal  antisera  were  prepared  to  each  peptide  as 
reported  elsewhere  [2,5]  and  the  specificity  of  these  2  antibodies  for  r  and  A68 
was  assessed  in  Western  blots,  immunocytochemistry  conducted  on  6  nm  thick 
tissue  sections  from  AD  and  control  brains  as  well  as  by  immuno-electron 
microscopy  on  isolated  A68  preparations  as  described  previously  [2,5]. 

Results  and  Discussion 

By  sequencing,  we  showed  that  the  T3P  peptide  was  selectively  phosphorylated 
at  Ser396.  Although  both  T3  and  T3P  are  readily  soluble  in  water,  they  differed 
in  their  solubility  in  trifluroethanol  (TFE).  The  T3  peptide  was  readily  soluble 
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123456  123456 

A68  TAU  A68  TAU 

Fig.  2.  Western  blot  analysis  of  A68  and  normal  human  r  using  rabbit  antisera  raised  to  the  T3 
and  T3P  peptides.  Lanes  ).  2  and  3  represent  different  amounts  of  A68  loaded  (i.e.  approximately 
0.5,  l  and  2  pg  of  protein).  Similarly,  lanes  4,  5  and  6  represent  the  same  concentrations  of  normal 
human  r  loaded.  The  proteins  were  separated  on  a  10%  SDS-PA  GE  get  and  transferred  electrophoretically 
onto  nitrocellulose  paper.  Both  anti-T3  and  anti-T3P  antisera  were  used  at  a  dilution  of  l  20C. 


in  TFE  whereas  T3P  showed  saturation  at  0. 1 1  mg/mi.  This  difference  in  the 
solubility  of  the  2  peptides  in  TFE  may  reflect  dramatic  changes  in  the 
conformation  or  higher  order  structure  of  the  2  peptides  in  solution.  Furthermore, 
differences  between  the  conformation  of  the  T3  and  T3P  peptides  also  was  detected 
using  CD.  In  water,  both  the  T3  and  the  T3P  peptides  exhibited  an  unordered 
structure.  However,  in  TFE,  the  T3  peptide  showed  the  presence  of  a  310-helix, 
whereas  the  T3P  peptide  exibited  predominantly  random  structure  in  confor¬ 
mational  equilibrium  with  some  /3-pleated  sheets  (Fig.  1).  Both  of  these  ob¬ 
servations  suggest  that  the  secondary  structure  of  the  T3  and  the  T3P  peptides 
may  be  different  and  could  be  influenced  by  the  micro-environment  in  vivo. 

This  notion  is  further  supported  by  our  data  using  both  the  T3  and  T3P 
peptides  as  immunogens  to  raise  antisera  in  rabbits.  We  showed  in  Western 
blot  experiments  (Fig.  2)  that  the  anti-T3P  antisera  recognized  A68  but  not 
normal  human  r  and  that  the  anti-T3  antibody  detected  r  but  not  A68.  These 
findings  imply  that  a  phosphate  moiety  at  Ser396  can  confer  unique  properties 
on  this  motif  which  distinguish  A68  from  normal  human  r.  Furthermore,  these 
data  also  suggest  that  Ser3%  in  the  KSPV  motif  is  not  a  normal  phosphate 
acceptor  site  in  normal  r.  By  extension,  the  conversion  of  normal  r  into  A68 
could  be  due  in  part  to  the  phosphorylation  of  Ser396.  Thus  the  2  peptides  described 
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here  may  specify  2  distinct  conformation  dependent  epitopes  in  A68  and  r  proteins 
that  are  differentially  recognized  by  the  anti-T3  and  anti-T3P  antibodies. 

The  ability  of  the  anti-T3  and  anti-T3P  antisera  to  distinguish  between  normal 
r  and  A68  in  Western  blots  provided  us  with  unique  reagents  to  assess  whether 
or  not  A68  alone  or  both  A68  and  normal  t  could  be  detected  in  preparations 
of  purified  A68  that  formed  PHFs  as  monitored  by  electron  microscopy  as  well 
as  in  NFTs  in  situ.  Our  results  showed  that  the  anti-T3P  but  not  the  anti- 
T3  antisera  were  able  to  immunostain  both  isolated  PHFs  and  NFTs  in  tissue 
sections  suggesting  that  AD  PHFs  contain  only  A68  but  no  normal  r. 

Taken  together,  we  have  provided  evidence  that  Ser396  is  an  abnormal 
phosphorylation  site  found  only  in  A68  but  not  normal  r.  The  inappropriate 
phosphorylation  of  r  within  this  KSPV  motif  (and  perhaps  at  other  sites)  may 
lead  to  conformational  changes  around  the  Ser396  residue.  This  conformational 
change  may  alter  the  biological  properties  of  normal  r  leading  to  its  accumulation 
as  PHFs  in  selected  neuronal  population  in  AD  brains.  The  significance  of  these 
events  to  neuron  function  and  survival  merit  further  examination. 
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Introduction 

The  nonapeptide  bradykinin  (H-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-OH) 
(BK)  is  one  of  the  main  mediators  which  are  released  as  response  of  the  body 
to  traumata  and  injuries.  Bradykinin  is  involved  in  pain,  inflammation  and  allergic 
reactions. 

Specific  and  potent  bradykinin  antagonists  therefore  are  considered  to  be  a 
new  therapeutic  principle  for  the  treatment  of  such  diseases  where  pathologically 
elevated  bradykinin  levels  are  involved. 

The  fundamental  work  of  Stewart  and  Vavrek  led  to  the  discovery  of  selective 
B;  receptor  antagonists  by  replacement  of  Pro7  by  D-Phe7  [1],  BK  analogs  have 
been  used  widely  as  pharmacological  tools,  but  for  use  in  therapy,  compounds 
w,th  increased  potency  and  enhanced  metabolic  stability  are  desirable. 

Pesults  and  Discussion 

In  an  attempt  to  increase  potency  as  well  as  metabolic  stability  of  BK,  we 
modified  several  positions  in  the  peptide  by  introduction  of  unnatural  amino 
adds. 


Thi  D-Tic  Aoc  Oic 

?■  I.  Structures  of  unnatural  amino  acids 


Table  1  Structure-activity  studies  of  BK-antagonists 


Peptide  sequence 

ICsofnM] 

KifnMl 

H-D-Arg-Arg-Hvp-Pro-Gly-Ser-D-Phe-Thi-Arg-OH* 

6400 

67.2 

H-D-Arg-Arg-Hyp-Pro-Gly-Thi-Ser-D-Tic-Thi-Arg-OH 

2100 

6.4 

H-D-Arg-Arg-Hvp-Pro-Gly-Thi-Ser-D-Tic-Pro-Arg-OH 

190 

2.6 

H-D-Arg-Arg-Pro-Hvp-Gly-Thi-Ser-D-Tic-Tic-Arg-OH 

95 

4.5 

H-D-Arg-Arg-Hvp-Pro-Glv-Thi-Ser-D-Tic-Aoc-Arg-OH 

56 

0.3 

H-D-Arg-Arg-Pro-Hvp-Glv-Thi-Ser-D-Tic-Aoc-Arg-OH 

11 

1.0 

H-D-Arg-Arg-Pro-Hyp-Gly-Thi-Ser-o-Tic-Oic-Arg-OH 

5.4 

0.3 

‘  See  [1], 
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Fig.  2.  Activities  of  HOE  140  in  isolated  organs. 

Replacement  of  D-Phe7  by  the  amino  acid  D-Tic  was  beneficial  (Table  1). 
A  more  impressive  raise  in  potency  was  observed  by  additional  introduction 
of  lipophilic  bicyclic  amino  acids  Aoc  and  Oic  (Fig.  1). 

(D-Arg[Hyp3,Thi5,D-Tic7,Oic8]  BK  with  the  code  name  HOE  140  was  chosen 
for  a  more  intensive  investigation  and  further  development. 

HOE  140  inhibits  the  BK-induced  effects  in  a  variety  of  organs  (Fig.  2).  HOE 
140  is  a  selective  B2  receptor  antagonist,  demonstrated  by  its  inactivity  in  the 
rabbit  aorta,  a  tissue  only  expressing  B|  receptors. 
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Introduction 

Opioid  peptides  have,  in  general,  short  linear  sequences  and  are  characterized 
by  a  large  conformational  flexibility.  The  study  of  their  conformation  in  solution 
is  rather  difficult,  owing  to  the  the  coexistence  of  a  complex  mixture  of  numerous 
quasi-isoenergetic  conformers.  The  so-called  bioactive  conformation  could  be 
one  of  them,  although  the  solvents  usually  used  in  NMR  studies  have  properties 
different  from  those  of  the  biological  system  in  which  the  peptide  acts.  It  seems 
important  to  perform  detailed  conformational  analyses  of  these  peptides  in  media 
that  mimic  the  cytoplasm  environment,  characterized  by  the  presence  of  numerous 
cosolutes  but,  most  of  all,  by  a  viscosity  higher  than  that  of  bulk  water  or 
of  typically  diluted  buffers  [1],  This  feature  can  be  reproduced  by  the  so-called 
cryoprotective  mixtures  [2]  (i.e.  fully  biocompatible  mixtures  of  water  with  several 
organic  solvents). 

We  have  shown,  in  the  case  of  enkephalins  [3],  that  the  use  of  cryomixtures 
allows  the  measurement  of  NOESY  spectra  as  rich  in  cross  peaks  as  those  of 
small  proteins,  owing  to  the  increase  of  the  effective  correlation  time  [4]  and 
to  the  shift  of  the  conformational  equilibrium  towards  folded  conformers.  Here 
we  present  a  conformational  study  of  deltorphin  I  in  cryoprotective  mixtures  [5]. 

Results  and  Discussion 

Deltorphin  1  belongs  to  a  class  of  opioid  peptides  related  to  dermorphin  but 
with  very  high  5-selectivity.  Receptor  selectivity  can  be  interpreted  on  the  basis 
of  receptor  models  [6]  for  p  and  5  opioids  that  recognize  the  same  conformation 
of  the  message  domain  but  discriminate  for  the  conformation  and  hydrophobic 
character  of  the  C-terminal  part  of  the  peptide.  400  MHz  NOESY  spectra  recorded 
in  high  viscosity  media,  such  as  DMSO/water,  ethylene  glycol/water  and 
methanol/water  cryomixtures,  can  be  quantitatively  interpreted  using  contri¬ 
butions  from  only  two  families  of  conformations:  one  of  extended  conformers 
and  one  of  folded  conformers.  The  structure  of  the  average  folded  conformer 
is  consistent  with  the  mentioned  receptor  model  and  with  the  structures  of  two 
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Fig.  I.  Comparison  of  the  minimum  energy  structure  of  deltorphin  I  in  DMS0/H20  at  265  K  (blank 
balls)  and  of  N-methylnoroxymorphindole  (filled  balls). 

rigid  5-selective  compounds,  cyclo-(D-Pen2,D-Pen5)  enkephalin  (DPDPE)  and  N- 
methylnoroxymorphindole  (MeNTI),  whose  chemical  constitution  is  unrelated 
to  that  of  deltorphins.  Figure  1  shows  the  comparison  of  the  molecular  model 
of  deltorphin  I,  as  derived  from  our  conformational  analysis,  with  that  of  MeNTI. 

Our  data  point  to  an  influence  of  the  viscosity  that  might  be  likened  to  a 
‘conformational  sieve’:  high  viscosities  favor  folded  and  rigid,  extended  con- 
formers  over  disordered  ones.  Typical  viscosities  of  cytoplasm  range  from  5- 
30  cP  [1]  and  it  has  been  postulated  that  they  play  an  important  role  in  cell 
communication  processes.  Neuropeptides  exert  their  biological  action  at  synapses; 
they  are  excreted  by  specialized  vesicles  of  the  presynapse  and  reach  membrane 
receptors  located  on  the  postsynaptic  membrane  by  crossing  a  cleft  of  100- 
500  A  occupied  by  the  intersynaptic  fluid,  an  aqueous  solution  of  viscosity  higher 
than  cytoplasm,  because  of  the  ordering  effect  of  membrane  heads  and  of  unstirred 
layer  phenomena.  It  seems  fair  to  postulate  that  the  viscosity  of  this  fluid 
contributes,  in  addition  to  the  membrane  catalysis  proposed  by  Schwyzer  [7], 
to  overcome  the  so-called  entropic  barrier  to  the  transition  state  of  peptide- 
receptor  interaction,  by  selecting  ordered  conformations  prior  to  receptor 
interaction. 
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Introduction 

In  recent  years,  the  use  of  proteolytic  enzymes  to  catalyze  the  formation  of 
peptide  bonds  has  undergone  very  intensive  development  [I].  Enzymatic  peptide 
synthesis  presents  certain  advantages  over  classical  and  solid-phase  synthesis: 

1)  it  requires  limited  side  chain  protection  of  the  amino  acids,  and 

2)  the  reaction  takes  place  under  mild  conditions  without  racemizations. 

The  present  study  investigates  obtaining  analogs  of  arginine-vasopressin  (A VP) 
modified  in  position  9  by  means  of  enzymatic  methods.  C arboxypeptidase  Y 
(CP-Y.EC  3.4.12.1),  a  non-specific  serine  exoprotease,  was  the  catalyst. 

Results  and  Discussion 

AVP  was  synthesized  using  SPPS.  The  C-termina)  glycine  amide  was  removed 
by  tryptic  digestion  [2].  Esterification  of  the  C-terminal  carboxyl  group  of  AVP(1- 
8)  was  realized  by  action  of  thionyl  chloride  in  ethanol.  Synthesis  of  AVP  and 
AVP  analogs  were  performed  by  action  of  various  amines  on  complex  acyl- 
enzyme  obtained  from  [Arg  (OEt)x,des-Gly9-NH2]AVP  and  CP-Y: 

CP-Y  H-R 

[Arg(OEt)8,des-Gly9-NH2]AVP  - -  (1-8)AVP-CP-Y  - -  [R9]AVP 

R  =  Phe-NH2,  GIy-NH2,  HN-CH2-CH2-OH,  Pro-NH2,  Ala-NH2,  Leu-NH2 
Gly<ftCSNH2]. 

Coupling  between  the  acyl  donor  and  the  nucleophile  catalyzed  by  CP-Y  in 
0.1  M  KC1  and  0.01  M  EDTA  solution  at  37°C  was  studied  in  pH  range  6.13- 
8.45  using  HPLC.  Time  course  of  [Phe9-NH2]]AVP  svnthesis,  is  shown  (Fig. 
1). 

In  addition  to  the  final  product  expected,  [Phe9-NH2]AVP,  other  compounds 
appeared.  As  far  as  the  octapeptide  [des-Gly9-NH2]AVP  is  concerned,  the  fact 
that  it  accumulated  from  the  beginning  confirmed  that  CP-Y  has  a  higher  affinity 
for  ethyl  ester  of  (1-8)AVP  than  for  Phe-NH2.  We  also  observed  hydrolysis 
of  the  carboxyamide  groups  of  Gin  and  Asn,  especially  in  the  case  of  long 
reaction  times  (FABMS).  Despite  the  yield  of  analogs  ranging  from  0  for  [Pro9- 
NH2]AVP  to  31.8%  for  [Leu9-NH2]AVP,  41.6  %  for  [Phe9-NH2]AVP  and  91.0% 
for  AVP  and  unexpected  hydrolysis,  the  described  method  can  be  a  useful  tool 
for  the  synthesis  of  AVP  analogs  modified  at  position  9. 
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Fig.  1.  Synthesis  of  [ PheIJ-NH;/A  I  P  at  pH  =  X.  45. 
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Introduction 

In  an  effort  to  develop  structure-activity  relations  for  our  conformationally 

restricted,  5-selective  opioid  tetrapeptide,  Tyr-D-Cys-Phe-D-PenOH,  electronic, 
lipophilic,  and  steric  effects  at  the  Phe3  position  were  assessed  by  substitution 
on  the  side  chain  aromatic  ring.  Effects  on  binding  were  determined. 

Results  and  Discussion 

Substitution  of  electronegative  fluorine  at  the  para  position  of  the  Phe  phenyl 
ring  (1)  enhances  6  binding  affinity  in  the  tetrapeptide.  while  p  binding  is  slightly 
diminished.  The  improved  <5  activity  of  this  analog  is  most  likely  due  to  local 
electronic  or  lipophilic  rather  than  conformational  influences,  leading  to  a 
favorable  8  binding  interaction.  The  p-Cl-Phe;  tetrapeptide  analog  (2)  was 
synthesized  to  assess  further  this  effect,  and  the  fluoro-  and  more  lipophilic 
chloro-substituted  analogs,  1  and  2,  are  equiactive  at  the  5  receptor;  a  slightly 
greater  reduction  is  observed  for  2  in  p  binding  affinity  (three-fold  relative  to 
JOM-13).  Analog  2  displays  a  higher  affinity  and  index  of  selectivity  for  the 
8  receptor  than  do  JOM-13  and  DPDPE. 

The  p-methyl  substituent  in  3,  like  p-F  and  p-CI,  is  small  and  lipophilic  but 
is  electron-releasing  rather  than  electron-withdrawing;  this  tetrapeptide  modi¬ 
fication  proves  detrimental  to  both  5  and  p  receptor  binding.  The  p-/-BuPhe3 
analog  (4)  is  the  most  lipophilic  and  bulkiest  in  the  series.  The  p  binding  affinity 
of  4  is  severely  compromised  relative  to  the  lead  compound;  negative  results 
are  also  observed  at  the  8  receptor.  These  unfavorable  consequences  can  be 
attributed  to  steric  effects. 

In  the  Tyr3  (5)  and  m-Tyr3  (6)  analogs,  the  hydroxyl  substituent  is  more  strongly 
electron-releasing  than  the  alkyl  groups  above.  In  contrast  to  the  lipophilic 
properties  of  the  halogens  and  the  alkyl  groups,  the  hydroxyl  moiety  is  hydrophilic. 
Again.  5  displays  a  reduction  in  opioid  binding  relative  to  the  parent  compound, 
about  14-fold  at  the  8  receptor.  This  may  reflect  both  the  reduction  in  lipophilicity 
as  well  as  a  negative  a  effect.  It  is  interesting  to  note  that  the  m-Tyr3  amino 
acid  (6)  is  better-tolerated  than  Tyr3  (only  five  and  6.5-fold  reductions  in  affinity 
are  observed  at  the  5  and  p  receptors,  respectively),  likely  due  to  differing 
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Table  1  Opioid  receptor  binding  profiles  of  cyclic  (2-4)  tetrapeptides;  Phe3  residue  aromatic 
substitution 


Peptide  analog 

Cmpd  no. 

Binding  IC50  (nM) 

DAMGO  DPDPE 

ICvM/ICs/S) 

DPDPE 

1000 

6.40 

203 

Tyr-D-Cys-Phe-o-PenOH 

JOM-13 

182 

2.90 

63.0 

Tyr-D-Cvs-pFPhe-D-PenOH 

1 

274 

1.65 

166 

Tyr-D-Cys-pCIPhe-D-PenOH 

2 

556 

1.56 

356 

Tyr-D-Cvs-pMePhe-D-PenOH 

3 

2  980 

8.64 

345 

Tyr-oCys-4-rBuPhe-D-PenOH 

4 

>10000 

58.7 

>170 

Tyr-D-Cys-Tyr-o-PenOH 

S 

6  550 

41.0 

160 

Tyr-D-Cys-mTyr-D-PenOH 

6 

1  210 

14.9 

81.2 

Tyr-D-Cys-pNOjPhe-D-PenOH 

7 

233 

2.66 

87.6 

DAMGO  =  (3H][D-Ala2,  NMePhe4,  Gly5-ol]enkephalin 
DPDPE  =  [3Hl[D-PenJ,  D-Pens]enkephalin 


electronic  features  of  the  aromatic  ring  resulting  from  meta  rather  than  para 
substitution.  In  fact,  a  meta  hydroxyl  group  has  a  positive  a  value. 

Introduction  of  a  para  nitro  substituent  on  the  Phe  aromatic  moiety  in  both 
linear  [1]  and  cyclic  [2]  ^-selective  dermorphin-related  tetrapeptides  induces  a 
sharp  decline  in  p  binding  affinity.  However,  the  p-N02Phe3  (7)  substitution 
does  not  affect  p  or  5  activity.  While  these  results  may  appear  inconsistent, 
the  observation  that  affinity  is  not  compromised  fits  the  general  trend  observed 
for  this  group  of  analogs.  Specifically,  the  nitro  group  has  a  high  positive  a 
value  (a  favorable  contribution)  since  it  is  electron-withdrawing,  and  a  /vnitro 
moiety  enhances  lipophilicity.  However,  the  large  molecular  volume  of  the  nitro 
substituent  may  lead  to  an  adverse  steric  effect  at  the  receptor;  these  properties 
may  neutralize  one  another. 

These  effects  are  generally  consistent  with  reports  of  analogous  modification 
in  the  linear  pentapeptide  enkephalins  [1,3-7]  and  DPDPE  [6,8-10]  where  data 
are  available.  Data  for  this  group  of  modifications  imply  that  while  steric, 
lipophilic,  and  electronic  effects  all  play  a  role  in  influencing  binding  interactions 
at  this  residue,  the  most  important  determinant  for  opioid  activity  appears  to 
be  the  electron-withdrawing  property  of  the  substituent.  In  general,  those 
substituents  possessing  a  positive  a  value  enhance  activity,  while  those  with  a 
negative  a  value,  those  lacking  lipophilic  character,  or  those  possessing  larger 
van  der  Waals  radii  decrear  binding. 
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Introduction 

We  recently  reported  a  series  of  linear  A  VP  vasopressor  (V,a)  receptor 
antagonists,  the  most  potent  and  selective  of  which  all  have  phenylacetic  acid 
(Phaa)  at  position  one  [1].  One  of  these:  Phaa-D-Tyr(Et)-Phe-Gln-Asn-Lys-Pro- 
Arg-NHi  (A)  was  further  modified  at  position  2  by  a  D-Tyr(Me)/D-Tyr(Et) 
interchange,  at  position  6  by  an  Arg/Lys  interchange  and  at  position  9  by  the 
incorporation  of  Tyr-NH2  to  give  the  highly  potent  and  selective  antagonist 
(B)  (Table  1)  [2].  Upon  radioiodination  (B'i  gave  a  ligand  with  high  affinity 
and  selectivity  for  Vla  receptors  [3], 

In  attempts  to  develop  an  alternative  approach  for  the  design  of  radioiodinated 
ligands  for  V,a  and  V,b  (adenohypophysial)  receptors,  we  now  report  a  series 
of  analogs  of  (A)  in  which  the  Phaa  residue  has  been  replaced  by  4-hydroxy- 
phenylacetyl[(HO)Phaa]  and  3-(4-hydroxyphenyl)-propionvl[(HO)Phpa]  residues 
alone,  and  in  combination  with  a  D-Tvr(Me)/D-Tvr(Et)  interchange  at  position 
2,  and  an  Arg/Lys  interchange  at  position  6.  These  peptides  1-5  (Table  1)  were 
synthesized  by  the  solid  phase  method  [4],  as  described  [1],  except  that  the 
(HO)Phaa  and  (HO)Phpa  residues  were  incorporated  using  the  BOP  reagent 
[5],  Preliminary  data  for  these  five  new  analogs,  all  of  which  possess  a  phenolic 
group  at  position  1  are  given  in  Table  1.  We  also  report  some  preliminary  data 
on  the  unsubstituted  3-phenylpropionyl  [Phpa]  analog  of  (A). 

Results  and  Discussion 

The  data  in  Table  1  provide  convincing  evidence  that  the  incorporation  ot 
a  phenolic  substituent  at  position  1  in  the  potent  linear  antagonist  (A)  and  in 
some  related  analogs  leads  to  good  retention  of  both  in  vitro  and  in  vivo 
antagonism.  It  is  also  clear  that  the  Phaa  and  (HO)Phaa  substituents  are  superior 
to  the  Phpa  and  (HO)Phpa  substituents  in  leading  to  peptides  with  good  affinity 
for  V,a  receptors.  It  is  particularly  noteworthy  that  the  inhibition  constants  for 
peptides  1  and  3  do  not  differ  greatly  from  that  of  the  Tvr-NH2  containing 
highly  potent  and  selective  V,a  antagonist  iB)  [2],  the  precursor  of  our  recently 
reported  highly  selective  Vla  radioiodinated  ligand  [3J.  Thus  peptides  1  and  3 
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Table  1  Receptor  affinities  and  antagonist  properties  of  linear  A  VP  analogs  with  a  phenolic 
substitution  at  position  l 


Antagonist1 

Inhibition 

Antivaso¬ 

Antidiuretic 

constants 

pressor 

activity 

(K,  in  nM)b 

tanti-V,) 

(units/mg) 

liver  V,., 

PA2£ 

1  2  3  4  5  6  7  8 

A 

Phaa-o-Tyr(Et)  -Phe-GIn-Asn-Lvs-Pro-Arg-NH; 

8.53±0.06dc 

- 

1 

(HO)Phaa-o-Tyr(Me)-Phe-Gln-Asn-Lys-Pro-Arg-NH; 

0.35 

2 

(HO)Phaa-i)-Tvr(El)  -Phe-GIn-Asn-Lvs-Pro-Arg-NH; 

0.50 

8.35  ±0.06 

-0.03 

3 

<HO)Phaa-D-Tvr(Me)-Phe-Gln-Asn-Arg-Pro-Arg-NH: 

0.37 

4 

(HO)Phaa-u-Tyr(Et)  -Phe-Gln-Asn-Arg-Pro-Arg-NH; 

0.59 

5 

(HO)Phpa-o-Tvr(Et)  -Phe-GIn-Asn-Lvs-Pro-Arg-NH;' 

1.04 

-0.04 

6 

Phpa-u-Tyr(Et)  -Phe-GIn-Asn-Lys-Pro-Arg-NH; 

-8.15 

-0.02 

1  2  3  4  5  6  7  8  9 

B 

Phaa-o-Tyr(Me)-Phe-Gln-Asn-Arg-Pro-Arg-Tyr-NHi 

0.27 

8.94±0.03f 

0.042  ±0.008' 

1  Abbreviations:  Phaa  —  phenylacetyl;  (HO)Phaa  =  4-hydroxyphenylacetyl;  Phpa  =  3-phenylpropi- 
onyl;  (HO)Phpa  =  3-(4-hydroxyphenyl}-propionyl. 

b  Inhibition  constants  of  A  VP  antagonists  were  determined  in  competition  experiments.  Liver 
membranes  were  incubated  with  0.07  nM  [n5I]-tinear  AVP  antagonist  [3]  and  varying  concentration 
of  antagonists.  Values  are  expressed  in  nM  and  were  obtained  in  independent  experiments,  each 
performed  in  triplicate. 

c  pAi  values  have  been  defined  as  the  negative  logarithm  to  the  base  10  of  the  average  molar 
concentration  of  an  antagonist  which  will  reduce  the  biological  response  to  2x  units  of  agonist 
to  tcual  the  response  given  by  x  units  of  agonist  in  the  absence  of  antagonist. 
d  This  publication. 

'  This  antagonist  had  an  anti-V,  pA:  =  9.05  ±0.09  when  assayed  on  a  different  solution  [1],  At 
present  we  cannot  explain  these  differences. 
f  Value  taken  from  Ref.  2. 

are  good  candidates  for  further  investigation  as  radioiodinated  ligands  for  Vla 
receptors.  Some  of  these  peptides  may  also  have  value  as  radioiodinated  selective 
ligands  for  Vib  receptors.  This  approach  may  thus  be  useful  for  the  design  of 
selective  radioiodinated  ligands  for  (a)  AVP  receptor  subtypes  Vla,  V[b,  and 
V2;  (b)  oxytocin  receptors;  and  (c)  other  peptide  hormone  receptors. 
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Introduction 

Cyclo[Leu-Met-Gln-Trp-Phe-Gly]  was  reported  to  be  a  potent  neurokinin  A 
(NKA:  HKTDSFVGLM#)  antagonist  (pA2  =  8;  rat  vas  deferens)  vs.  eledoisin 
at  the  NK2  receptor  [1].  We  previously  reported  that  NKA  antagonists  could 
be  prepared  from  NKA4_10  by  introduction  of  the  t/r(CH2NR)  functionality  into 
the  peptide  backbone  [2,3].  [Leu9-t/r(CH2NR)-Leul0]-NKA4_io  (R  =  H,  methyl, 
ethyl,  propyl  and  isovaleryl)  antagonized  l25I-NKA  binding  to  the  NK2  receptor 
in  hamster  urinary  bladder  (HUB)  with  IC50  values  which  ranged  from  100  to 
300  nM.  In  view  of  these  results,  t/t(CH2NR)  containing  cyclic  peptide  antagonists 
were  prepared  and  their  activity  at  the  NK2  receptor  (HUB)  was  determined. 

Results  and  Discussion 

The  cyclic  peptides  shown  in  Table  1  were  prepared  by  SPPS  with  Boc 
protection.  The  i/r(CH2NR)  moiety,  where  R  =  H  or  CH3,  was  introduced  by 
reductive  alkylation  following  the  method  of  Coy  et  al.  [4]  using  N-t-Boc- 
aminoaldehydes  prepared  according  to  Fehrentz  and  Castro  [5],  For  the 

Table  1  Receptor  affinity 


Compound  Peptide  structure  NK2 

number  IC<o(nM)a 


NKA  His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH2  0.6 

1  cyclo[Leul<MCH2NH)Leu2-Gln3-Trp4-Phe5-Giy6]  1-0 

2  cyclo{LeuiMCH2NCHi)Leu-Gin-Trp-Phe-Gly]  10 

3  cyclo[Leui/r(CH2NCH2CHi)Leu-Gln-Trp-Phe-Gly]  1-6 

4  cyclo[Leui|((CH2N(CH2)2CHiLeu-Gln-Trp-Phe-Gly]  0.4 

5  cyclo[LeuiHCH2N(CH2)4CH3)Gly-GIn-Trp-Phe-Gly]  1.0 

6  cyclo[Leui/i(CH2NCHj)Gly-Gln-Trp-Phe-Gly]  2.0 

7  cyclo[LeuiWCH2NCH,)Leu-G!n-Trp-Tyr-Gly]  19 

8  cyclo[Leu«KCH2NCH,)Leu-Gln-Phe-Phe-Gly]  3000 

9  cyclo[Leu<«CH,NCH,)Leu-Gln-0-Nal-Phe-Gly]  500 

10  cyclo[Leu.MCH2NCHj)Leu-Gln-Trp-D-Phe-Gly]  25 

11  cyclo[Leutii(CH2NCHi)Leu-Gln-D-Trp-Phe-Gly]  400 

12  cyclo[Leuili(CH2NCHj)Leu-Gln-Trp-(N-Me-Phe)-Gly]  350 


1  Competitive  binding  vs.  l2SF-neurokinin  A  in  hamster  urinary  bladder. 
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i/r(CH2NR)  peptides  where  R  is  ethyl  or  larger,  the  t//(CH2NH)  bond  is  formed 
first  followed  by  a  second  reductive  alkylation  with  an  appropriate  aldehyde 
to  yield  the  i//(C H2NR)  peptide.  The  peptides  were  then  cleaved  from  the  resin 
with  HF/anisole  (10:  1)  and  cyclized  with  diphenylphosphoryl  azide  [6]  in  DMF 
in  the  presence  of  triethylamine.  Purification  was  accomplished  by  gel  chro¬ 
matography  on  Spectragel  GF05  followed  by  semi-prep  RPHPLC.  The  cyclic 
peptides  were  characterized  by  FABMS  and  AAA. 

The  binding  affinities  were  determined  in  competitive  radio-ligand  binding 
assays  using  125I-NKA  and  HUB  [7],  Antagonism  was  confirmed  by  the  ability 
of  the  compounds  to  shift  competitively  the  dose-response  curve  for  NKA- 
stimulated  PI  turnover  [8].  Compound  1  is  a  very  potent  antagonist  of  NKA 
(pA2  =  8.5;  HUB)  with  high  affinity  for  the  NK2  receptor  (Table  1).  Also  shown 
in  Table  1  are  results  for  analogs  of  1  in  which  the  i|((CH2NR)  alkyl  substituent 
was  varied,  and  these  had  a  negligible  effect  upon  affinity.  Various  analogs 
with  amino  acid  substitutions  were  made  and  indicate  that  Trp1 2 3 4,  but  not  Leu2 
or  Phe5 6 7 8,  was  critical  for  activity. 

Due  to  the  potent  antagonist  activity  of  1  and  the  enhanced  solubility,  the 
solution  conformation  of  1  was  characterized  by  2D  NMR  and  restrained 
molecular  dynamics.  Interproton  distances  were  derived  from  NOE  experiments 
and  dihedral  angles  were  calculated  from  the  appropriate  coupling  constants. 
Restrained  molecular  dynamics  simulations  using  backbone  interproton  distances 
as  constraints  showed  that  the  peptide  interconverts  among  three  closely  related 
conformations.  The  solution  conformation  of  1  can  be  described  as  two  fused 
/3-turns:  one  turn  contains  the  sequence  Trp-Phe-GIv-Leu  and  another  turn 
contains  the  sequence  Leut/r(CH2NH)Leu-Gln-Trp.  Several  backbone  modified 
analogs  of  1  were  synthesized  based  upon  the  NMR  results.  Compound  10  (d- 
Phe5)  retains  activity  since  this  substitution  is  compatible  with  the  /3-turn. 
Compounds  11  and  12  are  less  active  since  these  substitutions  would  be  expected 
to  alter  the  peptide  backbone  conformation. 
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Introduction 

Alzheimer’s  disease  is  characterized  by  deposits  in  cerebral  blood  vessels  and 
neuritic  plaque  cores.  The  major  proteinaceous  material  of  such  deposits  is  a 


Fig.  /.  CID  mass  spectra  of  chvmotryptic  peptides  from  core  amyloid  protein  showing  the  fraying 
at  the  C-termmus  ta  and  b).  For  the  .wtation  used  in  labelling  fragment  ions  [6J.  Ions  marked  'm 
are  due  to  the  glycerol  matrix. 
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fig.  2.  Matrix-assisted  LD-TOF  mass  spectrum  of  core  amyloid  peptide  (top;  obtained  from  size 
exclusion  chromatographs  of  crude  amyloid  extract  (bottom).  The  N-lermtnus  is  extensively  frayed 
as  indicated  on  the  spectrum.  Mans  peaks  appear  as  doublets  (differing  by  28  u)  due  to  acylation 
by  the  formic  acid  (70%)  used  in  the  extraction  and  chromatographic  separation. 


small  protein,  called  )3-amyloid  peptide,  also  found  in  the  amyloid  accompa¬ 
nying  Down’s  syndrome,  other  brain  degenerative  diseases,  and  normal  aging 

[1-4]. 

Core  amyloid  peptide  (CAP)  and  cerebrovascular  amyloid  peptide  (CVAP), 
isolated  after  extensive  purification  from  the  cerebral  cortex  obtained  at  autopsy 
from  Alzheimer’s  disease  patients,  were  analyzed  by  fast  atom  bombardment 
(FAB)  and  collision-induced  dissociation  (CID)  mass  spectrometry  (MS),  on 
a  JEOL  HX110/HX110  magnetic  deflection  tandem  mass  spectrometer  [5,6]. 
For  CVAP  it  was  determined  that  it  has  frayed  C-  and  N-termini  as  shown 
below  (amino  acids  partially  missing  are  underlined): 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVI 

Digestion  with  chymotrypsin  and  CIDMS  of  chymotrvptic  peptides  confirmed 
the  conclusions  on  the  fraying  of  the  protein  termini  which  was  initially  based 
on  the  measurement  of  the  molecular  weight  of  the  intact  molecule. 
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Some  forms  of  core  amyloid  protein  are  known  to  be  resistant  to  Edman 
sequencing  and  complete  digestion  with  trypsin  [1],  unlike  CVAP  or  synthetic 
/I-amyloid  protein.  CID  mass  spectra  of  the  appropriate  peptides  from  a 
chymotryptic  digest  (Fig.  1)  showed  that  it  too  has  a  frayed  C-terminus.  Matrix- 
assisted  laser  desorption  time-of-flight  (LD-TOF)  mass  spectrometric  analysis 
of  a  minimally  purified  CAP  sample  from  a  different  patient,  was  carried  out 
with  a  VESTEC  VT2000  LD-TOF  mass  spectrometer.  The  data  revealed  that 
the  N-terminus  was  extensively  frayed  (Fig.  2).  In  the  sequence  below  both  types 
of  fraying  are  indicated  by  underlining. 

(D)AEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA 

Different  mRNAs,  encoding  amyloid  precursor  proteins,  have  been  found  [7- 
9]  and  at  present  it  is  not  possible  to  determine  which  is  the  actual  precursor 
of  /3-amyloid  peptide  [1],  Nevertheless,  the  mass  spectral  data  discussed  above 
point  to  the  possibility  of  abnormal  processing  of  amyloid  precursor  in  persons 
suffering  from  Alzheimer’s  disease. 
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Introduction 

Stepwise  solid  phase  peptide  synthesis,  as  developed  by  Merrifield  [1]  has 
been  successfully  applied  to  the  synthesis  of  peptides  greater  than  90  amino 
acids  in  length  [2,3].  However,  incomplete  couplings  and  the  resulting  deletion 
impurities  have  posed  a  significant  problem  in  the  synthesis  of  so-called  ‘difficult’ 
sequences  [4],  some  of  which  are  very  short  [5].  Aggregation  of  resin-bound 
peptide  is  thought  to  be  the  major  cause  of  incomplete  couplings.  Therefore, 
the  synthesis  of  peptides  with  a  strong  tendency  to  self-aggregate  (e.g.  amyloid¬ 
forming  proteins  and  transmembrane  sequences)  requires  an  alternative  strategy. 
We  report  the  application  of  solid  phase  fragment  condensation  to  the  synthesis 
of  a  portion  of  the  /3-amyloid  protein  (/SAP)  of  Alzheimer’s  disease. 

Results  and  Discussion 

The  oxime  resin  was  developed  by  Kaiser  for  the  synthesis  of  protected  peptides 
[6].  Small  protected  peptides  are  synthesized  using  standard  methods  [7,8]; 
nucleophilic  cleavage  of  the  oxime  ester  linkage  affords  a  peptide  free  acid  with 
side  chain  protecting  groups  in  place  [9, 10].  Purified  fragments  are  then  reattached 
to  the  oxime  resin  and  sequentially  coupled  to  yield  a  larger  protected  fragment. 
The  sequence  of  /3AP  (1-25),  divided  into  synthetic  fragments,  is  shown  below: 

(1-9)  (10-13)  (14-17)  (18-23) 

DAEFRHDSG-  YEVH  -  HQKL  -VFFAED-VG 

Our  initial  synthesis  of  /3AP  ( 1—9)  yielded  >95%  of  an  aspartimide-containing 
peptide  (Fig.  1).  Replacement  of  the  Asp  (benzyl)  protecting  group  with  Asp 
(t-butyl)  eliminated  aspartimide  formation. 


Fig.  I. 


pAPfI-9)  containing  aspartimide. 
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Acidolytic  deprotection  of  /3AP  (1-9)  resulted  in  significant  levels  of  aspar- 
timide,  this  time  at  Asp7.  Substitution  of  a  cyclohexyl  group  for  the  benzyl 
group  and  strict  control  of  the  reaction  temperature  (0°C)  minimized  this  reaction 
[11].  Treatment  of  the  aspartimide-containing  peptides  with  aqueous  base  (0.1 
M  NH4OH,  1  h,  23°C)  completely  hydrolyzed  the  aspartimide  to  yield  both 
the  a  and  (3  aspartyl  isomers.  These  isomers  are  indistinguishable  by  mass 
spectrometry  and  may  be  difficult  to  separate  by  HPLC. 

Our  synthesis  of  fully  protected  /SAP  (1-25)  is  shown  in  Fig.  2.  Fragment 
couplings  were  carried  out  in  a  variety  of  solvents  using  several  different  activation 
methods.  The  best  yields  were  obtained  using  the  BOP  reagent  in  15%  dimethyl 
sulfoxide  in  A-methyl  pyrrolidone. 

Epimerization  of  the  C-terminal  residue  of  the  acvlating  fragment  has  been 
reported  for  BOP-mediated  fragment  couplings  [12].  Whenever  possible,  syntheses 
are  designed  to  maximize  the  occurence  of  glycine  at  the  C-terminus  of  the 
acylating  fragment.  Several  model  couplings  were  carried  out  to  determine 
coupling  conditions  which  minimized  epimerization.  Low  temperature  (0°-5°C) 
and  minimal  base  (2  eq)  were  found  to  be  the  most  important  factors.  Under 
these  conditions,  the  coupling  of  /JAP  (14-17)  to  resin-bound  valine  resulted 
in  <  2.5%  of  the  epimerized  peptide. 

The  final  protected  peptide  was  purified  by  HPLC  and  characterized  by  FABMS 
and  amino  acid  analysis.  A  portion  of  the  product  was  deprotected  and 
characterized  by  FABMS,  chemical  sequencing,  and  tryptic  digestion  followed 
by  FABMS.  The  purification  and  full  characterization  of  synthetic  intermediates 
allows  the  detection  (and  elimination)  of  side  reactions  such  as  aspartimide 
formation,  which  may  be  very  common  in  solid-phase  synthesis. 


Boc-VFFAE(Bzl)  D(Bzl)-C02H 

H2N-V~R _ ► 

1 .5  eq  BOP 
I.OeqHOBt 
2.0  eq  DIEA 
DMF,  18-24  h 
(75%) 


1)  Ac20,  DIEA,  CH2CI2 

2)  25%  TFA  in  CH2CI2 

3)  5%  DIEA  in  CHjC^ 


H2N-VFFAE(Bzl)D(Bzl)V-R 


Boc-H(Bom)QK(CI-Z)L-C02H 

(73%->95%) 


Boc-Y(CI2Bzl)E(Bzl)VH(Bom)-C02H 

(90%-100%) 


Boc-D(tBu)AE(Bzl)FR(Mts)H(Bom)D(cHex)S(Bzl)G-C02H 

(90%) 


Boc-D'AE'FR’H'D'S’GY'E'VH'H'QK'LVFFAE'D'V-R 

j  HjN-Gly-COj(N(n-Bu)4) 

1 

I  (>95%) 

Boc-D'AE'FR'H'D'S'GY'E'VH'H'QK'LVFFAE'D’VG-C02H 


Fig.  2.  Synthesis  of  protected  f)AP  ( 1-25) 
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Introduction 

Neuromedin  U  (NMU)  was  first  isolated  from  pig  spinal  cord  in  two  biologically 
active  molecular  forms,  NMU-25  and  its  COOH-terminal  octapeptide  NMU- 
8  [1],  In  the  rat,  NMlJ-25  and  NMU-8  have  a  potent  effect  upon  uterine  smooth 
muscle  contraction  but  the  mechanism  of  action  of  these  peptides  is  not  known. 
The  structures  of  NMU  peptides  isolated  from  the  intestinal  tract  of  dog,  rat, 
guinea  pig,  rabbit  and  frog  have  been  determined.  This  study  deals  with  the 
purification  of  a  nonapeptide,  neuromedin  U-9  (NMU-9)  from  chicken  intestine 
and  a  comparison  of  its  biological  properties  with  the  pig  NMU  peptides. 

Results  and  Discussion 

An  extract  of  chicken  small  intestine  contained  NMU-like  immunoreactivitv 
(36  pmol/g  wet  tissue)  measured  with  an  antiserum  directed  against  the  COOH- 
terminal  region  of  pig  NMU-8  [2].  Two  molecular  forms  were  purified  to  apparent 
homogeneity  by  RPHPLC  and  their  primary  structures  were  determined  by 
automated  Edman  degradation  and  mass  spectrometry.  The  amino  acid  sequence 
of  the  most  abundant  (94%)  chicken  NMU  peptide  with  nine  residues  (NMU- 
9)  is  compared  to  that  of  pig,  guinea  pig  and  dog  NMU  (Table  1).  Chicken 
NMU-9  differs  from  pig  NMU-8  by  substitution  of  Leu3  with  Phe  and  the  extension 
of  the  amino  terminus  by  Gly.  Conservation  of  the  COOH-terminal  pentapeptide 
between  species  suggests  that  this  region  is  important  for  biological  activity. 
Partial  structural  characterization  of  the  less  abundant  NMU-related  peptide 
indicated  a  total  of  25  amino  acid  residues  and  that  NMU-9  is  derived  from 
this  larger  precursor  by  proteolytic  cleavage  at  a  monobasic  (Arg17-Gly18) 
processing  site.  In  the  case  of  pig  and  dog  NMU-25  processing  to  NMU-8  occurs 
at  a  dibasic  (Argl7-Arg18)  site. 

Table  1  Primary  structure  of  neuromedin  U  peptides 


Chicken 
Guinea  pig 
Pig 


GIy-Tyr-Phe-Phe-Phe-Arg-Pro-Arg-Asn-NH: 

Gly-Tyr-Phe-Leu-Phe-Arg-Pro-Arg-Asn-NH; 

Tyr-Phe-Leu-Phe-Arg-Pro-Arg-Asn-NH: 
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Table  2  Receptor  binding  and  contractile  activity  data  for  NMU  peptides 


Peptide 

Receptor  binding 

Contractile  activity 

(IC50  nMV 

(EC50  nM)b 

Chicken  NMU-9 

278  ±49 

360  ±60 

Pig  NMU-8 

1.11  ±  0.22 

46  ±  8 

Pig  NMU-25 

0.77  ±  0.20 

Binding  data  for  each  agonist  were  fitted  to  a  one-site  and  two-site  model  by  nonlinear  regression 
analysis.  A  partial  F  test  analysis  indicated  that  NMU  binding  was  consistent  with  the  one-site 
model. 

a  IC<0:  concentration  of  peptide  (mean±SE)  producing  50*^  inhibition  of  binding  of  l25I-labeled 
N MU-25  at  rat  endometrial  membranes. 

b  EC<o:  concentration  of  peptide  (mean±SE)  producing  half  maximal  contraction  of  strips  of  rat 
uterine  smooth  muscle. 

Chicken  NMU-9  caused  a  concentration-dependent  contraction  of  smooth 
muscle  strips  from  rat  uterus  [2]  but  is  significantly  (p<0.01)  less  potent 
(approximately  8  fold)  than  pig  NMU-8  (Table  2).  The  maximum  contraction 
produced  by  both  peptides  was  not  significantly  different.  Tetrodotoxin  (1  jxM), 
atropine  (0. 1  jtM)  and  indomethacin  (10  /xM)  had  no  effect  upon  NMU-9  induced 
uterine  contraction,  consistent  with  the  hypothesis  that  the  agonist  activity  is 
mediated  through  a  direct  interaction  of  the  peptide  with  specific  receptors  on 
smooth  muscle  cells.  Studies  with  plasma  membrane-enriched  preparations  from 
rat  endometrium  indicated  that  the  concentration  of  chicken  NMU-9  producing 
50%  inhibition  of  binding  of  ,25I-labeled  pig  NMU-25  was  approximately  250 
fold  greater  than  the  corresponding  concentration  of  pig  NMU-8  (Table  2).  The 
reduction  in  biological  potency  of  the  chicken  peptide  is  probably  a  consequence 
of  the  substitution  of  Leu3  in  NMU-8  by  Phe  in  NMU-9.  This  conclusion  is 
supported  by  the  observation  that  the  analog  [GIy3]NMU-8  was  inactive  in 
contraction  of  guinea  pig  trachea  whereas  analogs  with  substitutions  at  positions 
1, 4,  5,  and  7  retained  some  activity  [3]. 

The  chicken  intestine  contains  two  biosynthetically  related  neuromedin  U 
peptides  with  9  and  25  amino  acid  residues.  NMU-9  arises  from  proteolytic 
cleavage  at  a  monobasic  (single  arginine)  processing  site.  The  substitution  of 
Leu3  in  pig  NMU-8  by  Phe  in  NMU-9  results  in  substantial  reduction  in  biological 
potency. 
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Introduction 

The  dynorphin  A  (Dyn  A)  analog  [Ala2,Trp4]Dyn  A(  1— 1 3)  has  been  reported 
to  antagonize  the  activity  of  Dyn  A(l— 13)  in  the  guinea  pig  ileum  (GPI)  assay 
[1].  We  therefore  prepared  a  series  of  [Trp4]Dyn  A(  1—13)  analogs  containing 
various  d-  and  L-amino  acids  at  position  2  in  order  to  examine  the  SAR  for 
opioid  antagonist.  The  analogs  were  also  examined  by  fluorescence  energy  transfer 
[2,3]  to  see  if  any  conformational  differences  between  the  peptides  could  be 
detected  by  this  method. 

Results  and  Discussion 

Peptide  synthesis 

The  peptides  were  prepared  by  SPPS  on  a  hydroxvmethylphenoxyacetic  acid 
resin  (PAC®  resin.  Milligen/Biosearch)  using  Fmoc-protected  amino  acids.  Side 
chain  protecting  groups  used  were  Pmc  for  Arg,  tBu  for  Tyr,  and  Boc  for  Lys. 
Cleavage  from  the  resin  with  concentrated  TFA  in  the  presence  of  scavengers 
(Reagent  K)  [4]  yielded  alkylated  peptides  in  addition  to  the  desired  peptides. 
Thus,  the  scavenger  cocktail  was  not  able  to  completely  suppress  the  alkylation 
of  Trp  in  these  analogs. 

Pharmacological  assays 

Opioid  receptor  affinities  of  the  pure  peptides  were  examined  in  binding  assays 
against  [’H]bremazocine  (k),  [,H]DAMGO  (p),  and  [3H]DPDPE  (5)  and  their 
opioid  activity  determined  in  GPI  assay  (Table  1).  Substantial  differences  in 
opioid  receptor  affinities  and  selectivity  were  observed  for  the  different  analogs. 
Only  [t  -Leu2,Trp4]Dyn  A(  113)  showed  selectivity  for  x-receptors  similar  to  Dyn 
A(  1  —  1 3).  [L-Ala2,Trp4]Dyn  A(  1  —  13)  preferentially  interacted  with  ^u-receptors. 
In  the  GPI,  the  peptides  containing  D-amino  acids  at  position  2  were  much 
more  potent  agonists  than  the  corresponding  L-amino  acid  containing  analogs. 
At  0. 1  /aM  neither  [L-Ala2,Trp4]-  nor  [L-Lcu2,Trp4]Dyn  A(  1  —  13)  exhibited 
significant  antagonism  in  the  GPI  against  Dyn  A(i-13). 
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Table  1  Opioid  activity  and  receptor  affinity  of  Dyn  A(  1-13)  analogs 


[X2,Trp4] 

Dyn  A(l-13) 

GPI 

IC50  (nM) 

K 

K,  (nM) 

M 

5 

Kj  ratio 

x/p/d 

[Ala2,Trp4] 

2310 

35.4 

3.52 

185 

10/1/53 

[Asn2,Trp4] 

>1000 

12.4 

18.4 

171 

l/L.5/14 

[Leu2  .Trp4] 

>1000 

13.4 

72.2 

1180 

1/5.4/88 

[o-Ala2,Trp4] 

9.2 

5.3 

0.14 

8.0 

38/1/57 

[D-Asn2,Trp4] 

0.828 

0.172 

0.035 

1.6 

4.9/1/46 

[D-Leu2.Trp4] 

29.8 

25.6 

0.249 

249.3 

103/1/1000 

Dyn  A-(  1-13) 

0.246 

3.92 

0.193 

2.52 

1/5.7/74 

Fluorescence  energy  transfer 

Fluorescence  energy  transfer  between  Tyr1  and  Trp4  was  used  to  study  possible 
conformational  differences  between  the  analogs.  Fluorescence  measurements  were 
made  with  10  /uM  peptide  in  5  mM  Tris  buffer  (pH  7.5).  In  a  preliminary  study, 
significant  differences  between  the  analogs  could  not  be  detected  by  this  method. 
The  amino  acid  at  position  2  influenced  the  opioid  activity,  receptor  affinity 
and  receptor  selectivity  of  the  2,4-disubstituted  dynorphin  analogs.  The  D-amino 
acid-containing  analogs  showed  significant  agonist  activity  in  the  GPI  and 
preferentially  interacted  with  p  receptors.  Derivatives  containing  an  L-amino 
acid  at  position  2  showed  little  agonist  activity  in  the  GPI,  while  retaining  opioid 
receptor  affinity.  Antagonist  activity  was  not  observed  for  the  L-amino  acid 
analogs  tested  at  0.1  aiM  in  the  GPI. 
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Introduction 

Neuropeptide  Y  (NPY)  and  peptide  YY  (PYY)  are  antisecretory  agents  in 
rat  intestine.  Both  produce  reductions  in  short  circuit  current  (SCC)  across  voltage 
clamped  epithelial  preparations  of  rat  jejunum,  with  potencies  (EC50)  of  9  and 
2  nM,  respectively  (Fig.  1)  [1].  The  centrally  truncated  and  cyclized  NPY  analog, 
C7-NPY  [2],  has  poor  potency  at  this  epithelial  receptor  (>  1000  nM)  [3]  even 
though  it  demonstrated  good  potency  in  other  Y1  and  Y2  receptor  systems  (2 
and  1  nM,  respectively,  see  Refs.  2  and  4).  However,  an  even  smaller  truncated 
and  cyclic  NPY  analog,  C2-NPY  [3,4],  has  good  potency  at  the  epithelial  receptor 
(50  nM)  [3]  as  well  as  at  another  Y2  receptor  [5].  This  is  significant  in  that 
C-terminal  fragment  peptides  have  poor  potency  (>  150-fold  less  potent  than 
NPY)  at  this  epithelial  receptor  [1,6J.  This  in  contrast  to  other  Y2  receptors 
where  the  C-terminal  fragments  such  as  NPY(  19-36)  have  a  10-  to  30-fold  lesser 
affinity  for  the  receptor  than  NPY  [5,7],  Since  PYY  has  greater  antisecretory 
potency  than  NPY,  the  C2  analog  for  PYY  was  examined  as  well  as  the  linear 
[Xxx5-24]-PYY  analogs,  as  had  been  done  for  NPY  [3,7], 

Results  and  Discussion 

Figure  1  compares  the  ability  of  PYY,  NPY,  C2-NPY,  C2-PYY  and  C7-NPY 
to  reduce  SCC  in  mucosal  preparations  of  rat  jejunum.  C2-PYY  and  C2-NPY 


»•* 


Fig.  1.  Reduction  of  SCC  vs.  concentra¬ 
tion  for  peptide  YY  (PYY),  neuropeptide 
Y  (NPY).  [ Cvs2.  Aoc}-!4,  D-Cys!7]NPY 
(C2-NPY),  [Cys7.  Aoc'-f  o-Cys27JPYY 
(C2-PYY)  and  [o-Cvs7,  Aoc*-'7. 
Cys20]NPY  (C7-NPY). 
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Fig.  2.  Reduction  of  SC C  vs.  concentration  for 
peptide  YY(PYY).  [ 8-aminooctaitovl-'-2* / PYY (8- 
Aoc).  [  7-aminoheptanoyR--'4 /PYY  (7-Ahept),  [ 6- 
aminohexanoyP-24/PYY  (6-Ahex)  and  [ Glys~24/ 
PYY(Gly). 


log  (poplido] 

-to  -o  -o  -7  -o  -o 


Fig.  3.  Reduction  of  SC C  vs.  concentration  for 
peptide  >T  (PYY).  /  4-aminobutanoyP-2,JPYY 
(4-Abut),  [ 5-aminopentanoyl---4 /PYY  (5-Apent). 
[  3-amino-propionyP-24  ]  PYY  ( (3- Ala)  and  [ des-5-24  ] 
PYY  (none). 


required  similar  concentrations  for  half  maximal  effect,  but  C2-PYY  did  not 
cause,  within  a  2  log  unit  range,  as  large  of  a  reduction  in  SCC. 

For  PYY  linear  analogs  that  have  residues  5-24  replaced  by  an  u>  amino 
acid  of  varying  chain  length,  most  of  the  longer  chain  length  spacers  (8- 
aminooctanoyl-,  7-aminoheptanoyl-,  5-aminopentanoyi-  and  4-aminobutanoyl-) 
had  similar  potency  to  C2-NPY  (Figs.  2  and  3).  The  6-aminohexanoyl-analog 
had  similar  potency  but  it  gave  a  diminished  level  of  SCC  reduction  at  high 
doses.  The  shorter  spacers  and  no  spacer  resulted  in  analogs  that  were  less  potent 
and  gave  less  SCC  reduction  at  high  doses.  These  effects  on  potency  and  activity 
due  to  the  spacers  is  most  likely  the  result  of  differing  abilities  of  the  various 
spacers  to  favor  or  even  permit  the  proper  apposition  of  the  N-  and  C-termini 
for  receptor  interaction  and  activation. 

Since  these  highly  truncated  analogs  of  NPY  and  PYY,  which  have  a  5-24 
spacer  of  at  least  5  atoms  in  length,  are  both  potent  and  can  fully  activate 
the  epithelial  receptor,  as  evidenced  by  a  level  of  SCC  reduction  equal  to  that 
of  the  native  hormones,  residues  5-24  do  not  appear  to  interact  with  this  receptor 
upon  binding  and  activation. 
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Introduction 

The  pharmacophore  for  p  opioid  receptor  subtype  can  be  divided  into  two 
parts:  a  primary  pharmacophore  constituted  of  Tvr1  and  a  secondary  pharma¬ 
cophore  constituted  of  the  phenyl  ring  of  Phe3  or  Phe4  residues  of  morphiceptin 
or  enkephalin  [1].  In  our  attempts  to  compare  the  spatial  orientation  of  the 
secondary  pharmacophore,  we  synthesized  several  analogs  wherein  the  phenyl 
ring  is  nitrated  [2].  The  increase  in  binding  affinity  for  the  enkephalin  analogs 
and  decrease  in  the  binding  affinity  for  the  morphiceptin  analogs  suggested  that 
although  the  presence  of  the  phenyl  ring  is  necessary  for  optimal  receptor  binding 
but  their  relative  orientation  need  not  necessarily  be  the  same  for  receptor 
recognition  [2],  One  of  the  morphiceptin  analogs,  Tyr-Pro-THIQ-N02  (THIQ: 
tetrahydroisoquinoline),  showed  modest  binding  affinity  for  the  putative  e 
receptor  in  an  in  vitro  binding  assay  [3J.  The  compound  assayed  was  a  mixture 
of  the  two  isomers  wherein  the  nitro  group  was  present  at  both  C6  or  C7  position 
of  the  aromatic  ring.  In  order  to  obtain  pure  compounds  with  known  positions 
of  substitution  all  the  four  (C5  through  C8)  positional  isomers  of  nitro-THIQ 
were  prepared  and  incorporated  into  H-Tyr-Pro-OH  dipeptide. 

Results  and  Discussion 

The  commercially  available  THIQ  was  N-acetylated  under  standard  reaction 
conditions  and  then  nitrated  with  a  mixture  of  trifluoroacetic  anhydride  and 
cone,  nitric  acid  (1:1  v/v)  at  room  temperature  for  four  h.  The  dilution  of 
reaction  mixture  with  excess  water  and  extraction  with  ethyl  acetate  furnished 
a  mixture  of  N-acetyl-THIQ-N02.  All  the  four  regio-isomers  could  be  separated 
by  normal  phase  preparative  HPLC  on  a  Waters-500  system.  An  isocratic  solvent 
mixture  (10%  i-PrOH  in  CH2C12  (A)  and  hexanes  (B),  A:B  1/1,  150  ml/min) 
eluted  A-acetyl-S-nitro-THIQ  (2.4%)  at  6.4  min  and  jV-acetyl-5-nitro-THIQ 
(8.5%)  at  7.2  min.  The  mixture  of  6-  and  7-nitro-ZV-acetyl-THIQ  (64%)  eluted 
at  7.9  min.  The  change  in  solvent  mixture  to  53%  diethyl  ether,  22%  hexanes, 
22.5%  ethyl  acetate  and  2.5%  ethanol  (150  ml/min)  resulted  in  the  separation 
of  /V-acetyl-7-nitro-THIQ  (40%)  eluting  at  19.4  min  and  jV-acetyl-6-nitro-THIQ 
(10%)  eluting  at  22.4  min.  All  the  separations  were  done  by  multiple  injections 
and  peak  shaving. 
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The  structure  of  each  of  the  four  regio-isomers  could  be  assigned  by  'H  (500 
MHz)  and  13C  NMR(125  MHz)  spectroscopy.  The  C5  andC8  nitrated  compounds 
show  only  one  doublet  ( 1 H)  downfield  as  compare  to  C6  and  C7  nitrated 
compounds  (two  doublets.  2H).  The  presence  of  the  N-acetvl  function  in  both 
Z  and  E  isomerism  distinguishes  the  C5-nitro  from  C8-nitro  isomer  unambi¬ 
guously.  Due  to  the  proximity  of  C8-nitro  to  CH3  of  N-acetvl.  the  two  singlets 
from  CHi  protons  are  downfield  (ppm)  as  compared  to  that  of  C5-nitro  isomer 
fC8-nitro:  CH?,  two  singlets  at  5.05  and  4.82,  ratio  2:3;  C5-nitro:  two  singlets 
at  4.83  and  4.76,  ratio  2:  1)  The  13C  NMR  could  distinguish  C6-nitro  from  C7- 
nitro  by  the  difference  in  the  chemical  shifts  (ppm)  of  C5  and  C8  carbons  (C6- 
nitro:  C5,  124.9;  C8,  127.4  and  7-nitro;  C5,  130.5;  C8  121.8)  [4], 

The  N-acetvl  group  in  each  isomer  was  hydrolyzed  (cone.  HC1)  and  each 
of  the  free  amine  was  separately  coupled  to  the  N-tBoc  protected  H-Tyr-Pro- 
OH  dipeptide  by  standard  solution  phase  methodology.  The  resulted  tripeptide 
was  deblocked  and  purified  by  RPHPLC  prior  to  receptor  binding  assays.  The 
competitors  were  [3H]-(-)-EKC,  [3H]-U  69593,  [3H]-DAMGO  and  [3H]-DPDPE 
for  e,  k,  n  and  5  opioid  receptor  sub-types,  respectively. 


Table  1 


Analog 

K,  (aiM) 

t 

K 

& 

5-Nitro 

12.0 

>20.0 

3.43  ±0.88 

>  20.0 

6-Nitro 

>20.0 

>20.0 

>20.0 

>20.0 

7-Nitro 

3.05  ±  1.27 

5.30+  1.6 

1.24  ±0.31 

>20.0 

X-Nitro 

>  20.0 

>20.0 

11.73  ±4.54 

20.0 

It  is  interesting  to  note  that  none  of  the  compounds  bind  to  the  8  receptor 
and  that  the  C6-nitro  compound  does  not  bind  to  any  of  the  receptor  sub- 
types.  The  highest  affinity  for  e,  k  and  n  receptors  resides  in  the  C7-nitro 
compound. 
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Introduction 

Numerous  investigations  of  opioid  peptides  and  alkaloid-peptide  hybrids  have 
suggested  that  p,  8  and  k  opioid  receptors  recognize  similar  topographical  features 
of  the  N-terminal  moieties  of  these  ligands  [1].  The  discovery  of  the  deltorphins 
prompted  us  to  reexamine  models  of  the  ‘bioactive’  structures  of  receptor-selective 
opioid  peptides.  The  general  prediction  was  that  in  peptide  ligand-opioid  receptor 
interactions,  the  phenol  moiety  of  the  Tyr1  residue  and  free  amino  group  should 
be  in  a  particular  topographical  relationship.  This  feature  is  frozen  in  rigid  opiate 
alkaloids.  Taking  advantage  of  existing  selective  5  opioid  alkaloids  e.g. 
(PhCH2CH2-NTI),  we  selected  low  energy  conformations  from  the  computer 
generated  structures  of  DPDPE  and  deltorphin  that  can  maximally  overlap  with 
alkaloid  functional  groups.  Further  topographical  correlation  of  all  three  groups 
of  8  selective  ligands  prompted  us  to  synthesize  new  analogs  of  DPDPE  and 
deltorphin. 

Results  and  Discussion 

Comparison  of  deltorphin  and  DPDPE  three  dimensional  structures  with 
opioid  alkaloid  led  to  the  conclusion  that:  the  Phe4  in  DPDPE  and  Phe3  in 
deltorphin  play  unique  topographical  roles,  the  Phe4  of  DPDPE  is  related  to 
the  indole  ring  of  the  alkaloid,  but  the  Phe3  of  deltorphin  is  related  to  the 
phenethyl  group.  This  in  turn  suggested  that  the  N-terminus  of  DPDPE  and 
deltorphin  interact  with  the  same  site  of  the  delta  opioid  receptor,  but  that 
the  rest  of  the  molecule  may  fill  a  somewhat  different  space  in  the  receptor 
cleft.  The  region  occupied  by  deltorphin  and  not  overlapping  by  DPDPE  may 
be  filled  with  side  chains  of  L-amino  acids  that  replace  Gly3  and  create  potential 
additional  modulatory  effects.  Finally,  the  carboxyl  group  of  Asp4  in  deltorphin, 
being  topographically  related  to  OH14  of  the  alkaloid,  is  a  part  of  the  hydrophilic 
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Table  1  Receptor  binding  properties  of  new  DPDPE  and  deltorphin  analogs 


Peptide 

ED,o±SEM  (nM) 

S  site*  m  site” 

1. 

Tyr-D-Pen-Gly-Phe-D-Pen  (DPDPE) 

1.06  ±  0.46 

609  ±278 

2. 

[Phe3]  DPDPE 

95  ±12 

4230  ±  90 

3. 

[Leu3]  DPDPE 

322  ±  4 

19600  ±  90 

4. 

[Ser3]  DPDPE 

42  ±  3 

>20000 

5. 

[Asp3]  DPDPE 

1449  ±56 

>10000 

6. 

Tvr-D-Ala-Phe-Asp-Val-Val-GlvNH-.  (Deltorphin  1) 

0.60  ±  0.30 

2140  ±693 

7. 

[Ser4]  Deltorphin 

0.36  ±  0.02 

66. 1  ±  2.3 

8. 

[Cys4]  Deltorphin 

0.41  ±  0.18 

132.2  ±  41 

9. 

[Gin4]  Deltorphin 

0.75  ±  0.16 

1743  ±118 

10. 

[Gin4]  Deltorphin-OMe 

28.2  ±  9.0 

3055 

J  Versus  ['H][p-Cl-Phe4|DPDPE. 
»  Versus  [3H]CTOP  [21- 


surface  from  the  N-  to  C-termini.  Therefore,  this  carboxyl  group  may  be  replaced 
by  other  hydrophilic  groups  without  losing  high  8  affinity. 

Consequently,  we  synthesized  several  analogs  of  deltorphin  and  DPDPE 
(Table  1).  The  receptor  binding  properties  lend  support  to  this  model. 
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Introduction 

The  C-terminal  octapeptide  of  cholecystokinin  (Asp26-Tyr(S03H)27-Met28- 
Gly29-Trp30-Met3l-Asp32-Phe33-NH2,  CCK,  CCK-8)  interacts  with  at  least  two 
different  receptor  types  (A  and  B).  Recently  highly  potent  and  selective  CCK 
analogs  with  N-Me-amino  acid  substitutions  have  been  developed  for  the  CCK- 
B  and  to  a  lesser  extent  the  CCK-A  receptor  (e.g.  [1-3]).  Such  substitutions 
can  significantly  change  the  conformational  features  of  CCK  analogs,  which 
in  turn  might  account  for  their  receptor  selectivity.  To  help  uncover  these  possible 
conformational  differences  we  have  performed  systematic  energy  calculations 
for  the  nonselective  ligands  CCK-8  and  [desamino-Tyr(S03)27,  Nle28-3l]CCK-7, 
the  CCK-A  selective  (desamino-Tvr-(SO))27,  Nle28-31.  N-MeAsp32]CCK-7.  and  the 
CCK-B  selective  [desammo-Tyr(S03)r,  Nle28,  N-MeLeu3l]CCK-7  (compounds 
I.  II,  III  and  IV.  respectively  [3]). 


Fig.  I  Possible  bioactive  conformations  of  CCK-8  for  CCK-A  (a)  and  CCK-B  (b)  receptors.  All 
hydrogen  atoms  are  omitted  and  lines  connecting  C"  atoms  are  included.  The  solid  lines  represent 
the  0-turns  and  pentagon  structure  mentioned  in  the  text. 
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Tabic  1  Dihedral  angle  values  for  'A-  and  ‘B’ -conformations  of  CCK-8 


Conformer 

Asp26 

Tyr27 

Met28 

Glv29 

Trp30 

Met31 

Asp32 

Phe33 

i h 

0  0 

<t> 

« h 

0  0 

0  0 

0  0 

0  0 

0 

0 

A 

140 

-159  -57 

-77 

112 

107  3 

-134  -58 

-98  -47 

-104  149 

-143 

35 

B 

148 

-144  47 

-51 

125 

106  -38 

-  88  -40 

-68  -28 

-  80  78 

-  80 

22 

Methods  and  Results 

Energy  calculations  were  performed  in  the  same  way  as  in  [4]  and  provided 
sets  of  low  energy  backbone  structures  for  the  four  molecules.  Then  the  structures 
were  compared  using  a  geometrical  similarity  criteria  (rms<1.0  A)  for  specific 
atomic  centers;  the  Ca  atom  for  Tyr(SO,H),  and  the  C"  and  atoms  for  Trp, 
Asp/N-Me-Asp  and  Phe  residues  when  comparing  compounds  interacting  with 
CCK-A  receptors  (I,  II  and  III);  and  the  Ca  atoms  for  Trp,  Met/Nle/N-Me- 
Leu,  Asp  and  Phe  residues,  and  O3  atoms  for  Met/Nle/N-Me-Nle  residues  when 
comparing  compounds  interacting  with  CCK-B  receptors  (I,  II  and  IV).  The 
atomic  centers  were  chosen  based  on  structure-activity  data  for  CCK  analogs. 

The  geometric  comparison  elucidates  backbone  structures  similar  to  each  other 
for  the  two  groups  of  compounds  establishing  possible  models  for  CCK  ‘A’- 
and  ‘B’-bioactive  conformations  (see  Fig.  1).  Dihedral  angle  values  for  both 
conformations  are  listed  in  Table  1.  The  CCK  ‘B’-conformation,  has  a  highly 
distorted  /3-III  turn  centered  at  the  Trp30-Nte/N-Me-NIe31  residues.  The  CCK 
'A’-conformation,  on  the  other  hand,  has  two  chain  reversals  so  that  the  Cn- 
atoms  of  the  C-terminal  Gly29-Trp30-Met-,|-Asp-,2-PheJJ-NH;2  pentapeptide  appear 
at  the  corners  of  a  nearly  regular  pentagon  and  possess  a  distinct  >3-11  turn 
that  is  centered  at  the  Met/Nle28-Gly29  residues.  The  ‘planes’  of  the  ‘pentagon¬ 
like’  structure  and  the  >3-turn  are  almost  perpendicular. 

These  models  can  readily  explain  receptor  selectivity  data  for  several  cyclic 
CCK  analogs  available  in  the  literature.  New  possible  B-selective  agonist  analogs 
were  designed  and  their  low  energy  structures  were  found  to  be  compatible 
with  the  CCK  ‘B’-conformation.  One  of  these,  the  nonsulfated  analog  [D-Phe28,N- 
MeNle3l]CCK-8,  is  both  exceptionally  potent  (K,  =  0.63  nM)  and  selective 
(>20,000  fold)  for  the  CCK-B  receptor. 
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Introduction 

The  deltorphins  were  discovered  in  frog  skin  by  their  cDNA  sequences  [1,2] 
and  the  isolated  natural  peptides  contained  a  D-amino  acid  enantiomer  at  position 
2  [3,4]  (Table  1).  Recognition  of  high  8  affinities  and  5  selectivities  of  these 
peptides  led  to  the  examination  of  the  molecular  determinants  required  for 
interaction  with  opioid  receptors  [3-5].  Since  dermorphins  and  deltorphin  exhibit 
affinities  and  selectivities  for  m  and  5  opioid  sites,  respectively,  the  conceptual 
proposal  of  Schwvzer  [6],  involving  ‘message’  and  ‘address’  domains  in  peptide 
hormones,  appeared  to  be  an  appropriate  model  to  test.  Our  investigations  were 
designed  to  attempt  to  define  contributions  of  amino  acids  in  the  N-terminal 
‘message’  and  C-terminal  ‘address’  domains  of  the  deltorphins  on  8  selectivity. 

Results  and  Discussion 

Heptapeptide  analogs  of  deltorphins  A.  B  and  C  (1-3)  were  synthesized  by 
solid-phase  methods  and  purified  to  homogeneity  [7],  Tetrapeptide  analogs  were 
synthesized  by  conventional  solution  condensation  of  N-Boc-amino  acids  to  the 
C-terminal  amino  acid  methyl  ester  using  dicyclohexylcarbodiimide  in  the 
presence  of  1-hydroxybenzotriazole;  His  and  Tyr  were  incorporated  without  side- 
chain  protection,  while  Asp  was  the  /m-butyl  ester.  Receptor  affinities  were 
determined  using  rat  brain  synaptosomes  in  competitive  binding  assays  using 
[3H]DADLE  and  [3H]DPDPE  for  8  sites  and  [?H]DAGO  for  M  sites  [5,7], 

Critical  components  required  for  8  affinity  and  8  selectivity  in  1  to  3  reside 
in  the  C-terminal  ‘address’  domain  and  include  hydrophobic  residues  in  positions 
5  and  6.  a  C-terminal  amide,  and  an  anionic  residue  based  on  the  following 
reductions  in  6  affinity  and  selectivity  from  2  to  >  100-fold:  amidation  of  (3- 
or  7-COOH  groups  in  1  to  3,  or  esterification  in  3;  an  increase  of  the  net 
charge  to  -2.  or  a  positional  change  of  Asp  in  1  or  3:  modification  of  residue 


Table  1  8  Opioid  selectivity  of  deltorphin  analogs J 


No. 

Peptide 

K,S 

1 

Y-m-F-H-L-M-D-NFL  (A) 

0.4! 

344 

839 

2 

Y-a-F-E-V-V-G-NH’  (B) 

0.4! 

1.280 

3.122 

3 

Y-a-F-D-V-V-G-NH;  (O 

0.25 

399 

1,596 

*  K,  values  are  nM  with  n  =  7-9.  Lower  case  denotes  D-amino  acids. 
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5  in  1,  while  substitutions  at  position  6  exhibited  minimal  effects,  except  [Phe6]- 
1  in  which  8  affinity  increased;  and  C-terminal  deamidation  of  1-3,  or  ethyl 
esterification  of  3. 

Deletions,  e.g.,  (des-His4)  of  1  and  C-terminal,  which  yield  hexa-,  penta-,  and 
tetrapeptides  of  1  and  3  bearing  either  C-terminal  -NH?  or  -OH  groups,  were 
detrimental  for  8  affinity  and  selectivity.  In  fact,  all  N-terminal  tetrapeptides 
of  1  and  3  exhibited  n  selectivity:  the  pi  selectivity  of  this  ostensible  ‘message’ 
sequence  in  1  was  enhanced  8-fold  by  hydrazide  or  methyl  ester  derivatives, 
while  1-adamantanecarbonyi  or  acetyl  hydrazide  were  non-selective. 

Our  studies  on  deltorphin  analogs  can  be  argued  to  support  the  concept  of 
a  ‘svchnologic  organization’  within  parent  deltorphin  heptapeptides  [6].  However, 
results  with  the  tetrapeptide  analogs  indicate  that  this  concept  may  have  qualified 
applicability,  since  the  ‘message’  tetrapeptide  sequence  and  derivatives  are  capable 
of  exhibiting  differential  receptor  preference,  although  they  are  primarily  n 
selective.  Future  structure-activity  studies  of  these  fascinating  peptides  promise 
to  provide  additional  insights  into  the  nature  of  opioid  receptor  sites. 

References 


1.  Richter,  K.,  Egger,  R.  and  Kreil.  G..  Science.  238(1987)200. 

2.  Richter,  K..  Egger,  R.,  Negri,  L.,  Corsi.  R.,  Severini.  C.  and  Kreu.  G..  Proc.  Natl.  Acad. 
Sci.  U.S.A.,  87(1990)4836. 

3.  Erspamer.  V..  Melchiorri,  P.,  Falconieri  Erspamer.  G.,  Negri.  L..  Corsi.  R..  Severini.  C.  Barra. 
D.,  Simmaco,  M.  and  Kreil,  G.,  Proc.  Natl.  Acad.  Sci.  U.S.A..  86(1989)5188. 

4.  Mor.  A..  Delfour,  A..  Sagan.  S..  Amiche.  M..  Pradelles.  J..  Rossier.  J.  and  Nicolas.  P..  FEBS 
Lett.,  255(1989)269. 

5.  Lazarus,  L.H.,  de  Castighone,  R.,  Guglietta,  A.  and  Wilson.  W.E..  J.  Biol.  Chem.. 
264(1989)3047 

6.  Schwvzer.  R.,  Ann.  N.  Y.  Acad.  Sci.,  297(1977)  3. 

7.  Lazarus.  L.H.,  Salvador!.  S.,  Santagada,  V.,  Tomans,  R.  and  Wilson,  W.E..  J.  Med.  Chem., 
34(1991)  1350. 


145 


A  conformational  study  of  achatin-I,  an  endogenous 
neuropeptide  containing  a  D-amino  acid  residue 


Takashi  Iwashita3,  Yoshimi  Kamatani3,  Hirovuki  Minakata3,  Toshimasa  Ishidab 

and  Kvosuke  Nomoto3 

“ Suntory  Institute  for  Bioorganic  Research,  Shimamoto-cho.  Mishima-gun. 

Osaka  618.  Japan 

h Department  of  Physical  Chemistry.  Osaka  University  of  Pharmaceutical  Sciences. 
2-10-65  Kauai.  Matsubara.  Osaka  580.  Japan 


Introduction 

Achatin-I  was  isolated  from  the  suboesophageal  and  cerebral  ganglia  of  the 
African  giant  snail  {Achatina fulica  Ferussac),  and  evoked  a  potent  neuroexcitatory 
effect.  The  amino  acid  sequence  of  achatin-I  is  H-Gly-D-Phe-Ala-Asp-OH.  and 
it  is  the  first  example  of  an  endogenous  neuropeptide  having  a  D-amino  acid 
residue.  From  the  same  ganglia,  an  L-Phe  derivative  of  achatin-I  was  also  isolated, 
and  termed  as  achatin-II  [1], 

Due  to  sodium  ions.  achatin-I  induced  a  voltage-dependent  inward  current 
on  the  identifiable  giant  neuron,  periodically  oscillating  neuron  (PON),  of  the 
same  snail.  All  possible  d.l  isomers  of  achatin-I  were  svnthe'  ized  using  standard 
solid-phase  methods.  The  sensitivity  of  the  neuron  to  achatin-I  and  its  isomers 
was  strictly  stereospecific  [2], 

NMR  and  X-ray  crystallography  studies  [3]  indicated  that  achatin-I  adopts 
a  turn  conformation  in  both  liquid  and  solid  states.  To  further  elucidate  the 
SAR  using  a  more  sensitive  biological  assay,  a  series  of  the  related  peptides 
were  synthesized.  The  conformations  in  solution  of  these  peptides  were  analyzed 
by  NMR. 
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Results  and  Discussion 

The  structure  of  achatin-I  as  derived  by  X-ray  (Fig.l),  demonstrates  that 
achatin-I  adopts  a  type  IT  (8-turn  structure.  The  D-Phe-AIa  fragment  is  situated 
at  a  corner  of  the  bend  and  a  y-turn  conformation  within  Gly-D-Phe-Ala  fragment. 

The  solution  conformation  of  achatin-I  and  its  derivatives  were  analyzed  by 
2D  NOESY.  These  data  likewise  show  that  achatin-I  and  its  possible  d,l  isomers 
have  a  turn  conformation.  However,  some  of  the  related  peptides  may  have 
an  extended  chain  conformation  or  a  /?-turn  at  different  locations.  The  solution 
structures  and  twitch  contractions  of  the  radula  retractor  muscle  of  Rapana 
thomasiana  are  summarized  in  Table  1. 


Table  1  Twitch  contraction  and  conformation 


Peptides 

Activity 

Conformation 

achatin-I 

>++ 

turn 

AGdFAD 

++ 

extended 

GAGdFAD 

++ 

turn 

AdFAD 

- 

extended 

VdFAD 

- 

turn 

GVdFAD 

- 

extended 

GdFADG 

++ 

turn 

GdFADD 

+ 

turn 

GCdFADD 

- 

extended 

GdFPD 

- 

turn 

Activity  is  measured  by  twitch  contractions  of  the  muscle  at  KHM. 


Our  work  has  shown  for  the  excitatory  effects  for  periodically  oscillating  neuron 
(PON)  of  the  African  giant  snail,  only  a  single  receptor  is  likely,  based  upon 
the  high  specificity.  However,  from  a  view  of  the  biological  activity  and  solution 
structures  of  achatin-I  and  the  derivatives,  there  may  also  be  other  receptor 
subtypes  on  the  muscle  of  Rapana  thomasiana. 
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Introduction 

Neuropeptide  Y  (NPY),  which  shares  sequence  similarity  with  peptide  YY 
(PYY)  and  pancreatic  polypeptide  (PP),  acts  as  a  neurotransmitter/neuromod¬ 
ulator  in  mammalian  brain  where  it  binds  to  at  least  two  types  of  NPY  receptors 
(Yi  and  Y2)  [1].  Others  have  reported  that  NPY  has  high  affinity  for  a  binding 
sites  in  the  rat  brain  [2].  In  keeping  with  these  results  and  with  our  previous 
observations  that  a  ligands  enhance  the  neuronal  response  to  W-methyl-D- 
aspartate  (NMDA)  [3],  we  have  recently  reported  that  NPY  selectively  potentiates 
NMDA-induced  activation  of  CA3  hippocampal  pyramidal  neurons  and  that 
this  effect  of  NPY  is  reversed  by  the  high  affinity  a  ligand  haloperidol  [4].  The 
present  studies  were  undertaken  to  determine  the  NPY  receptor  subtype  involved 
in  modulating  this  phenomenon. 

Results  and  Discussion 

A  series  of  N-  and  C-terminal  fragments  of  NPY  and  analogs  of  NPY  [hNPY(2- 
36),  pNPY(ll-36),  pNPY(  13-36),  pNPY(  16-36),  pNPY(  18-36),  hNPY(l-24) 
CONH2,  pPYY,  hPP  and  [Leu3',Pro34]pNPY]  were  synthesized  by  solid-phase 
peptide  synthesis  and  purified  by  preparative  HPLC  [5,6].  Male  Sprague-Dawley 
rats  (200-250  g)  were  anesthetized  with  urethane  (1.25  g/kg  i.p.).  Five-barrelled 
micropipettes  were  used  for  extracellular  unitary  recording  of  CA3  dorsal 
hippocampus  pyramidal  neurons.  One  side  barrel,  filled  with  2  M  NaCl,  was 
used  for  current  balancing.  The  other  side  barrels,  used  for  microiontophoresis, 
were  filled  with  NPY,  its  fragment  or  analog  (0.1  mM  in  150  mM  NaCl  and 
0.1%  BSA,  pH: 8),  NMDA  (10  mM  in  200  mM  NaCl,  pH:  8)  or  quisqualate 
(QUIS)  (1.5  mM  in  400  mM  NaCl,  pH: 8).  The  firing  activity  of  the  neuron, 
the  duration  of  the  microiontophoretic  application  and  the  intensity  of  the  current 
used  for  applying  NMDA  or  QUIS  were  stored  in  an  on-line  computer  to  calculate 
the  total  number  of  spikes  generated/nC  (1  nC  being  the  charge  generated  by 
1  nA  applied  for  1  s).  All  applications  of  excitatory  amino  acids  were  of  50 
s  at  intervals  of  40-60  s.  NPY  fragments  and  analogs  were  applied  for  15  to 
60  min,  with  a  current  of  5,  10  and  20  nA. 

None  of  the  NPY  fragments  or  analogs  affected  the  spontaneous  firing  activity 
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Table  1  Effect  of  NPY  fragments  and  analogs  on  NMDA-induced  neuronal  activation 
of  CA3  dorsal  hippocampus  pyramidal  neuronsa 


NPY  fragments  and  analogs 

Before 

During 

Following  haloperidol 

pNPY 

0.82 

1.710 

0.87 

pPYY 

0.76 

0.51 

- 

hPP 

0.75 

0.75 

- 

hNPv(2-36) 

0.35 

0.32 

- 

pNPY(l-36) 

0.18 

0.17 

- 

pNPY(  13-36) 

0.32 

0.780 

0.37 

pNPY(  16-36) 

0.52 

0.58 

- 

pNPYJ(8-36) 

0.40 

0.34 

- 

hNPY(l-24) 

0.62 

0.80 

- 

[Leu-,l.Pro34lpNPY 

0.49 

1.200 

0.58 

J  Values  are  expressed  as  the  number  of  spikes  generated  per  nC  by  NMDA  before  and  during 
the  microiontophoretic  application  of  NPY  fragments  or  analogs  (20  nA)  and  following  the 
intravenous  administration  of  haloperidol  (20  jig/kg.  i.v.),  the  NPY  fragment  or  analog  application 
being  continued.  Each  value  represents  the  mean  of  7  to  13  experiments. 
s  P<0.01;  paired  Student’s  /-test,  when  compared  to  control  values. 


of  CA3  dorsal  hippocampus  pyramidal  neurons.  However,  NPY  itself,  NPY(13- 
36)  and  [Leu31,Pro34]NPY  induced  a  marked,  selective  and  current-dependent 
potentiation  of  NMDA-induced  activation  (Table  1).  Haloperidol  (20  /ug/kg, 
i.v.),  which  binds  with  high  affinity  to  a  and  dopaminergic  sites,  but  not  spiperone 
which  binds  only  to  the  latter,  abolished  the  potentiation  of  the  NMDA  response 
induced  by  these  three  peptides  (Table  1).  Otherwise,  none  of  the  other  NPY 
fragments  or  analogs  modified  the  NMDA-  or  QUIS-induced  neuronal  activation. 

Since  [Leu3l.Pro34]NPY  is  devoid  of  agonistic  activity  at  Y2  receptors  [7],  its 
effectiveness  in  the  present  paradigm  suggests  that  the  NPY-induced  potentiation 
of  the  NMDA  response  is  not  mediated  by  Y2  receptors.  Conversely,  as  NPY(13- 
36)  has  no  affinity  for  Yi  sites  [1],  its  activity  in  our  model  suggests  that  NPY 
does  not  potentiate  the  NMDA  response  via  Y!  receptors.  That  neither  Y(  nor 
Y2  receptors  are  involved  in  the  present  paradigm  is  further  suggested  by  the 
lack  of  agonistic  activity  of  PYY  and  PP  which  have  affinity  for  both  Yi  and 
Y2  receptors  [1].  In  addition,  the  reversal  of  the  NPY-induced  potentiation  of 
the  NMDA  response  by  the  high  affinity  a  ligand  haloperidol,  but  not  by  spiperone 
which  is  devoid  of  affinity  for  this  binding  site,  suggests  that  this  non-Y|,  non- 
Y2  NPY  receptor  might  represent  a  subtype  of  a  receptors. 
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Introduction 

Vasoactive  Intestinal  Peptide  (VIP)  is  an  octacosapeptide  found  in  mammalian 
airway  tissue  and  is  proposed  to  be  an  endogenous  mediator  of  tracheobronchial 
smooth  muscle  relaxation.  VIP  was  the  subject  of  several  previous  SAR  studies 
[1-3].  The  results  from  these  studies  have  been  used  to  develop  a  structural 
basis  for  the  design  of  VIP  analogs  which  retain  enhanced  biological  potency, 
duration  of  action  or  metabolic  stability.  In  the  present  study,  we  prepared 
two  series  of  analogs  in  which  the  entire  sequence  was  scanned  with  alanine 
and  D-residue  substitutions.  Analysis  of  the  bioassav  data  has  been  used  to  identify 
the  receptor  binding  pharmacophores. 

Results  and  Discussion 

In  order  to  examine  the  potential  binding  sites  on  VIP.  26  alanine-substituted 
analogs  were  prepared  by  SPPS.  They  were  based  on  the  previously  reported 
VIP  analog  Ro  23-7059  (Ac-[Lys‘2,Nle17,Val26,Thr2»]-VIP)  which  is  3.7  fold  more 
potent  than  native  VIP.  In  this  first  series,  each  position  was  individually 
substituted  with  alanine,  which  effectively  replaced  the  naturally  occurring  side 
chain  with  a  methyl  group.  Analogs  were  assayed  for  smooth  muscle  relaxant 
activity  in  a  guinea  pig  tracheal  ring  assay.  Pronounced  losses  in  potency  (25- 
fold  decrease  relative  to  Ro  23-7059)  were  observed  for  alanine  substitutions 
at  Asp3,  Phe6,  Thr7,  Tyr10,  Tyr22,  and  Leu23  (Fig.  1A).  The  alanine  substituted 
analogs  were  also  assayed  for  binding  affinity  on  VIP  receptors  from  both  guinea 
pig  and  human  lung  preparations.  A  similar  pattern  was  observed  with  dramatic 
decreases  in  affinity  at  the  same  sites.  These  results  suggested  that  the  side- 
chain  functional  group  substituted  by  the  alanine  methyl  at  the  aforementioned 
sites  may  be  essential  for  full  biological  activity  and/or  receptor  binding.  For 
the  second  series  28  D-substituted  analogs  were  prepared  and  assayed  for 
biological  activity  and  receptor  binding.  Significantly  reduced  potencies  (>  100- 
fold  vs.  Ro  23-7059)  were  obtained  from  the  analogs  with  D-substitutions  at 
Phe6,  Thr7,  Thr",  Val19,  and  Tyr22  (Fig.  IB).  Although,  the  chiral  inversion 
may  affect  the  local  conformation  more  dramatically  than  the  alanine  replace¬ 
ments,  the  results  pointed  toward  the  same  potential  binding  sites.  The  decreased 
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Fig.  I.  Plots  of  the  -log  of  the  biological  potency  ( smooth  muscle  relaxant  activity )  relative  to  the 
parent  compound  Ro  23-7059  vs.  the  position  of  alanine  substitution  (A)  and  D-substitution  IB). 


activity  of  the  D-Val19  analog  may  have  resulted  from  an  unfavorable  distortion 
of  the  core  central  helix.  An  analysis  of  the  data  by  the  ‘DA  factor’  of  Tam 
et  al.  [4]  has  also  identified  similar  sites  that  are  important  for  ligand-receptor 
contact.  The  DA  ratios  for  Asp3.  Tyr10.  and  Leu23  were  small  ( <0.2).  suggesting 
that  these  sites  are  essential  for  receptor  binding.  From  this  data,  we  have 
concluded  that  potential  binding  sites  exist  at  Asp3,  Pheh-Thr7.  Tyr10.  and  Tvr22- 
Leu23.  We  had  previously  reported  the  identification  of  an  N-terminal  binding 
site  at  His1  [2].  This  site  in  combination  with  the  above  sites  make  up  the  five 
critical  contact  points  or  binding  sites  in  the  VIP  molecule.  Although  intra¬ 
molecular  interactions  cannot  be  explicitly  ruled  out,  it  is  likely  that  these  sites 
are  essential  in  ligand-receptor  interaction.  Therefore  the  pharmacophores  on 
the  VIP  molecule  may  be  described  as:  (1)  a  lone  pair  or  n  structure  at  His1; 
(2)  a  negative  charge  at  Asp3;  (3)  aromatic  rings  from  Phe6,  Tyr10  and  Tyr22; 
and  (4)  possible  effects  from  the  side  chains  of  Thr7  and  Leu23. 
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Introduction 

Neuropeptide  Y  (NPY)  is  a  36  amino  acid  peptide  first  isolated  from  porcine 
brain  [1].  NPY  is  widely  distributed  throughout  the  mammalian  central  and 
peripheral  nervous  system  and  implicated  in  a  wide  variety  of  biological  activities 
[2].  In  the  periphery,  NPY  is  co-released  with  norepinephrine  from  sympathetic 
terminals  and  may  play  an  important  role  as  a  neurotransmitter  or  as  a 
neuromodulator  of  the  vascular  response  to  sympathetic  stimulation  [2].  The 
effects  of  NPY  appear  to  be  mediated  by  various  receptor  subtypes  and  may 
involve  different  intracellular  signalling  mechanisms  [3].  It  has  been  shown  that 
NPY  induces  the  mobilization  of  intracellular  calcium  and  inhibits  adenylate 
cyclase  activity  in  human  erythroleukemia  (HEL)  cells  [4].  In  an  effort  to 
understand  further  the  biological  roles  of  NPY  we  have  initiated  a  program 
to  find  small  peptides  with  high  affinity  for  NPY  receptors.  We  present  here 
some  of  our  preliminary  results  involving  fragments  of  dynorphin  A  (Dyn). 

Results  and  Discussion 

Our  strategy  for  discovering  small  peptide  antagonists  of  NPY  employed  a 
computer-generated  model  of  porcine  NPY  (pNPY)  generated  previously  from 
a  highly  homologous  polypeptide,  Avian  Pancreatic  Polypeptide  (APP)  [5J.The 
crystal  structure  of  APP,  has  been  solved  [6]  and  evidence  has  been  reported 
[7]  suggesting  a  similar  secondary  structural  motif  for  APP  and  NPY.  We  have 
generated  a  working  model  for  NPY  from  the  X-ray  coordinates  of  APP  to 
provide  a  qualitative  starting  point  for  the  design  of  potential  small  peptide 
antagonists. 

Previous  workers  have  demonstrated  [8]  the  importance  of  both  Tyr1  and 
the  C-terminal  region  (residues  33-36)  for  potent  interaction  with  one  (Y|)  of 
at  least  two  types  of  NPY  receptor  (Y|  and  Y2).  Therefore,  our  studies  have 
focused  on  analogs  of  fragments  of  Dynorphin  A  (Table  1),  which  are  rich 
in  aromatic  and  basic  amino  acids  similar  to  those  found  in  these  regions  of 
NPY. 

The  fragment  [D-Ala2]-Dyn(l-13)-NH2  displayed  the  highest  affinity  for  the 
NPY  receptor  with  an  IC50  in  rat  brain  of  1.7  /nm  (4,  Table  1).  Deletion  of 
the  three  C-terminal  residues  (Dyn(l-10)-NH2)  abolished  affinity.  However, 
deletion  of  the  N-terminal  three  residues  (Dyn  (4-13)-NH2)  maintained  affinity 
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Table  1  Radiotabelled  NPY  receptor  binding  data:  Analogs  and  fragments  of  dvnorphin  A 


Peptide 

IC50  (Rat  brain.  fiM) 

1 

NPY 

0.0005 

2 

YGGFLRRIRPKLK-NH, 

dvnorphin  A  (1-13VNH^ 

2.2 

3 

YGGFLRR1RPKLK 

dvnorphin  A  ( 1-13) 

9.1 

4 

Y(dA)GFLRRlRPKLK-NH' 

[D-Ala2]dynorphin  A  (1-13)-HN; 

1.7 

5 

YGGFLRRIRP-NH-. 

dvnorphin  A  ( 1-10FNH; 

73 

6 

FLRRIRPKLK-NH, 

dvnorphin  A  (4-13FNH' 

5.1 

7 

LRR1RPKLK-NH’ 

dvnorphin  A  (5-13FNH' 

35.5 

8 

YLRR1RPKLK-NH, 

15.3 

9 

ldY)LRRlRPKLK-NH’ 

11.3 

10 

FLRPKLK-NH, 

>  100 

11 

YGFRPKLK-NH, 

38.0 

12 

YRPKLK-NH' 

>  100 

13 

YRRPKLK-NH, 

>  100 

that  was  subsequently  lost  by  further  deletion  of  the  N-terminal  Phe  (7,  Table  1). 

Peptides  showing  good  affinity  for  the  NPY  receptor  in  rat  brain  were  also 
tested  in  HEL  cells  line  which  has  been  shown  to  express  NPY  receptors  [4], 
The  compound  displaying  the  highest  affinity  in  the  rat  brain,  [D-Ala2]-Dyn(l- 
BVNHi,  was  evaluated  in  the  HEL  cell  asay  and  found  to  inhibit  NPY-induced 
release  of  Ca~2  with  an  IC5O  =  0.5  pm.  In  addition,  this  Dvnorphin  analog  did 
not  induce  the  release  of  intracellular  Ca*--  in  the  absence  of  NPY  suggesting 
that  it  is  acting  as  an  antagonist.  Finally,  no  significant  receptor  subtype  selectivity 
was  observed  for  [D-Ala2]-Dyn(l-13)-NH2  implying  that  this  peptide  can  adopt 
conformations  compatable  with  the  structural  requirements  for  the  different  NPY 
receptor  subtypes  represented  by  rat  brain  membrane  and  HEL  cells. 

A  similar  activity  of  Dvnorphin  A  analogs  with  the  Neurotensin  receptor 
has  been  reported  [9]  and  a  sequence  similarity  in  the  non-opioid  C-terminus 
(Arg-Pro)  has  been  proposed  as  the  binding  site. 

In  conclusion,  it  has  been  demonstrated  that  relatively  small  peptides,  composed 
of  sequences  quite  different  from  NPY  but  containing  several  aromatic  and  basic 
amino  acid  residues  can  interact  with  both  NPY  receptor  subtypes  at  micro- 
to  submicromolar  concentrations.  Data  from  the  HEL  cell  experiments  suggest 
that  peptides  of  this  type  may  be  a  starting  point  in  the  design  of  NPY  antagonists. 
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Introduction 

Morphiceptin  (Tyrl-Pro2-PheJ-Pro4-NH2)  and  dermorphin  (Tyr'-D-Ala-Phe3- 
Gly4-Tyr5-Pro6-Ser7-NH2)  are  highly  /i-receptor  selective  peptide  opioids.  Since 
the  biologically  important  Tyr1  and  Phe3  are  joined  by  a  single  amino  acid, 
the  second  residue  plays  a  significant  role  to  orient  these  residues  in  the  correct 
array  necessary  for  bioactivity.  These  two  classes  of  opioids  exhibit  opposite 
chiral  requirements  at  residue  2.  Incorporation  of  L-amino  acids  at  position 
2  of  dermorphin  results  in  a  remarkable  reduction  in  bioactivity.  Morphiceptin 
requires  an  L-chirality  for  Pro2.  Because  of  Pro  at  position  2.  morphiceptin  exhibits 
cis  and  trans  isomers  about  the  Tyr'-Pro2  amide  bond  (30:70)  [1].  We  incor¬ 
porated  2-aminocvclopentanecarboxylic  acid  (2-Ac5c)  for  Pro2.  Among  the  four 
stereoisomers,  only  the  morphiceptin  analog  containing  cis-(  lS,2R)-2-Ac5c  shows 
bioactivity.  Although  the  2-Ac5c  analogs  adopt  a  trans  amide  bond  about  Tvr- 
2-Ac5c,  the  bioactive  analog  Tyr-(lS,2R)-2-Ac5c-Phe-Pro-NH2  is  topologically 
similar  to  morphiceptin  with  the  Tvr-Pro  amide  bond  in  a  cis  configuration 
[2]. 

To  extend  the  work  on  conformation-bioactivity  relationships  for  morphiceptin 
and  dermorphin,  we  synthesized  tetrapeptides  incorporating  (l  and  D)-(NMe)Ala 
and  Ala  in  place  of  Pro2  of  the  active  Tyr-Pro-Phe-D-Pro-NH2.  Accessible  at 
conformational  space  for  the  second  residues  of  Tyr-(L  and  D)-X-Phe-D-Pro- 
NH2  [X  =  Ala,  Pro,  and  l  and  D(NMe)Ala]  and  conformational  preferences  of 
various  morphiceptin  and  dermorphin  analogs,  studied  by  'H  NMR  spectros¬ 
copy  and  molecular  modeling,  allowed  us  to  develop  specific  topologies  nec¬ 
essary  for  bioactivity  of  peptide  opioids  containing  Phe  at  the  third  position. 

Results  and  Discussion 

The  (NMe)Ala2  analog  is  potent,  displaying  the  similar  activity  profile  as  the 
Pro2  analog.  The  analog  Tyr-Ala-Phe-D-Pro-NH2  is  inactive.  Upon  N-methvlation 
of  Ala,  Tyr-(NMe)Ala-Phe-D-Pro-NH2  exhibits  cis  and  trans  forms  about  the 
amide  bonds  between  residues  1  and  2  (29:71)  similar  to  Tyr-Pro-Phe-D-Pro- 
NH2  (28 : 72).  The  D-(NMe)Ala2  analog  is  also  biologically  active,  displaying 
the  same  potency  as  the  dermorphin  analog  Tyr-D-Ala-Phe-D-Pro-NH2.  The  ratio 
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Table  1  Selected  torsion  angles  (deg)  for  bioactive  conformations  of  the  morphiceptin  and 
dermorphin  analogs 


Analog 

Tyr1 

Second  residue 

(l  or  Dt-Phe-1 

ih 

Vi 

CO 

<t> 

ih 

CO 

<t> 

Xi 

T  vr-  Pro-  Phe-o-  Pro-N  H  3 

130 

180 

0 

-75 

130 

180 

-110 

180 

Tvr-Pro-u-Phe-o-Pro-NHi 

130 

180 

0 

-75 

-40 

180 

100 

180 

Tvr-lNMelAla-Phe-D-Pro-NH-. 

130 

180 

0 

-85 

120 

180 

-00 

180 

Tvr-D-(NMelAla-Phe-i>-Pro-NH3 

130 

180 

180 

130 

00 

180 

-140 

180 

of  19:81  was  observed  for  cis  and  trans  configurational  isomers  about  the  amide 
bond  between  residues  1  and  2  in  Tyr-D-(NMe)Ala-Phe-D-Pro-NH2. 

Accessible  conformational  space  for  the  second  residues  of  Tvr-(L  and  i>)- 
X-Phe-t>Pro-NH2[X  =  Ala,  Proand(NMe)Ala)  based  on  !H  NMR  and  molecular 
modeling  shows  that  the  (NMe)Ala2  analog  belongs  to  the  morphiceptin  opioids, 
whose  high  M*receptor  activities  are  attributed  to  conformations  with  the  Tyr- 
X  amide  bond  in  a  cis  configuration.  On  the  other  hand,  the  /u-receptor  activity 
of  the  D-(NMe)Ala2  analog  is  attributed  to  conformations,  in  which  the  Tyr- 
n-(NMe)AIa  amide  bond  adopts  a  trans  configuration,  and  therefore  belongs 
to  the  ..rmorphin  opioids. 

Structures  of  Tyr-(NMe)Ala-Phe-D-Pro-NH2  and  Tyr-D-(NMe)Ala-Phe-D-Pro- 
NH2,  considered  to  be  closely  related  to  bioactive  forms  at  the  /^-receptors, 
are  shown  in  Figs,  la  and  lb.  respectively.  The  relative  spatial  arrangements 
of  the  functional  groups,  i.e.,  the  amine  and  phenolic  groups  of  Tyr1  and  the 
aromatic  ring  of  Phe-\  are  almost  the  same  in  both  the  structures.  However, 
the  conformations  of  the  second  residues  in  these  structures  are  different  from 
each  other  (Table  1 ).  It  is  worthwhile  mentioning  that  the  bioactive  conformations 
of  the  morphiceptin  and  dermorphin  analogs  estimated  in  this  investigation  are 


Fig.  I.  Preferred  conformations  of  (a)  Tyr-(NMe)Ala-Phe-n-Pro-NH_\  (b)  Tyr-p-(NMe)Ala-Phe-r>-Pro- 
MH:,  and  (c)  Tyr-c(  n-A  fu-Gly-flNalf l)-r>-[.eu'1  / at  the  p-receptors. 
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topologically  similar  to  the  /u-receptor  active  conformation  of  the  enkephalin 
analog  with  a  0-naphthylalanine  at  position  4  (Fig.  lc)  [3].  Topological  similarity 
of  the  preferred  conformations  of  the  morphiceptin,  dermorphin,  and  enkephalin 
analogs  at  the  /u-receptors  indicates  that  these  three  classes  of  peptide  opioids 
may  interact  with  the  same  ^-receptors. 
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Introduction 

For  several  years  we  have  been  isolating  biologically  active  peptides  from 
the  acid  extract  of  bovine  brain  [1],  Fraction  A,  obtained  after  a  number  of 
purification  steps  including  ion  exchange,  adsorption  and  exclusion  chroma¬ 
tography.  exerted  a  modulatory  effect  on  the  aggressive  behavior  in  rats.  In 
the  present  study  we  describe  the  isolation  and  structure  determination  of  two 
novel  neuropeptides. 

Results  and  Discussion 

The  peptides  were  isolated  from  the  fraction  A  by  RPHPLC.  The  structure 
of  one  peptide  was  established  as  YAYYY  (P5)  using  a  gas  phase  sequenator. 
Partial  structure  of  the  other  one,  [Y,S,G]-RDKR  (P6)  was  deduced  from  the 
amino  acid  analyses  and  manual  Edman  degradation.  The  YRDKR,  GRDKR. 
and  SRDKR  sequences  were  not  found  in  the  peptide-protein  data  banks,  while 
YAYYY  was  identical  to  a  fragment  of  the  mouse  multidrug  resistance  protein. 

With  the  purpose  of  studying  the  biological  activity  of  P5  and  P6  and  in 
attempt  to  determine  the  complete  structure  of  P6.  the  peptide  P5  and  P6  analogs 
YRDKRG  (P6Y),  SRDKR-NH2  (P6S),  GRDKR-NH2  (P6G),  and  DKRG  (P4) 
were  synthesized  by  SPPS. 

Using  affinity-purified  antibodies  prepared  with  the  hemocyanine  conjugates 
of  P6Y  and  P5,  the  presence  of  several  immunoreactivities  was  detected  in  different 
bovine  brain  homogenates.  One  P6-like  immunoreactive  compound  from  fraction 
A  had  the  same  chromatographic  properties  as  peptide  P6;  its  analysis  by  manual 
dansyl  Edman  or  gas  phase  sequenator  gave  the  SRDKR  primary  structure. 
The  pi  value  for  P6  was  found  to  be  over  9.5.  The  calculated  pi  value  for 
the  peptide  with  the  free  C-terminal  carboxyl  is  8.5,  while  amidation  should 
increase  it  to  9.5.  We  assumed  the  SRDKR-NH2  structure  for  P6,  but  the 
corresponding  synthetic  peptide  differed  from  P6  in  chromatographic  properties. 
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Table  1  Data  on  biological  activity  of  peptides 


Test  system 

Admini¬ 

stration 

Effective  doses  (jig/kg) 

P5 

P6Y 

P6S 

P6G 

P4 

open  field 

i.p. 

10  (+) 

06(  - ) 

06(  - ) 

5000(  - ) 

aggressive 

i.p. 

1  (+) 

fcriWH 

75  (-) 

75  (-) 

5000(  - ) 

behavior 

i.c.v. 

0. 1(+) 

5  (-) 

5  (-) 

food  consumption 

i.p. 

10  (-) 

pas 

60  (  +  ) 

60  (+) 

50001 0 ) 

water  intake 

i.p. 

10  (-) 

75  <+) 

75  <+) 

5000(  0 ) 

analgesia 

i.p. 

10  (  +  ) 

45  (+) 

60  <  +  ) 

i.c.v. 

KBS 

5  (+) 

7.5(+) 

50001  +  ) 

■+■ .  positive  effect;  negative  effect;  0,  lack  of  effect. 


All  the  P6  synthetic  analogs  eluted  from  a  Nucleosil  7Q  column  in  the  range 
of  18-22  %  CH3CN,  whereas  P6  eluted  at  55  %  CH?CN  suggesting  that  the 
Ser1  OH  of  P6  might  be  acylated. 

The  P6-like  immunoreactivity  (pi  >9.5)  was  detected  mainly  in  the  cortex, 
while  some  other  immunopositive  fractions  with  pi  7.5  and  5.7,  putative  longer 
forms  of  P6,  were  localized  to  the  subcortex  structures.  Similarly,  several 
immunoreactive  fractions  were  also  detected  with  the  antibodies  against  P5  using 
RPHPLC.  Sequencing  of  one  of  them,  more  hydrophobic  than  P5  itself,  allowed 
the  determination  of  the  first  four  residues  that  were  identical  to  those  of  P5. 
For  P5  the  immunoreactive  compounds  are  demonstrated  to  be  related  to  the 
parent  peptide. 

In  behavioral  studies  (Table  1)  P6  analogs  manifested  a  marked  antiaggressive 
activity.  Analysis  of  the  peptide  effects  on  the  binding  parameters  for  a  number 
of  ligands  interacting  with  the  membrane  neuroreceptors  revealed  that  P6  at 
0.01-10  gM  selectively  modulates  [3H]glutamate  binding,  including  both  po¬ 
tentiation  and  inhibition  of  this  process.  Interestingly,  the  differences  among 
P6Y,  P6S,  and  P6G  in  behavioral  activity,  or  in  binding  experiments  did  not 
exceed  25-50%.  Such  a  similarity  can  be  accounted  for  by  a  dominant  contribution 
of  the  RDKR  fragment. 

Peptide  P5  at  10  giM  inhibited  binding  of  ligands  that  interact  with  certain 
subtypes  of  serotonin  and  adrenergic  receptors.  These  data  correlate  with  the 
finding  that  i.p.  administered  P5  (0.1  mg/kg)  suppressed  by  30-40%  the  'head- 
twitch’  induced  in  mice  by  2,2-dimethoxy-4-methylphenylisopropylamine,  an 
agonist  of  the  serotoninergic  system.  Electrophysiological  experiments  performed 
on  the  identified  neurons  of  Helix  lucorum  with  the  application  of  0.1  P5 
also  indicated  the  involvement  of  the  serotoninergic  system  in  the  peptide  activity. 
The  results  indicate  that  the  aggressogenic  activity  of  P5  may  be  associated 
with  its  antagonistic  action  on  the  serotoninergic  system. 
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Introduction 

ai-Conotoxin  peptides,  isolated  from  the  venom  of  fish  hunting  snails,  were 
purified  and  sequenced  previously  [1].  One  of  these  peptides,  the  to-CgTx  (GVIA), 
blocks  specifically  the  neuronal  N-type  voltage  activated  Ca:+  channels  in  a 
variety  of  biological  systems  [2].  Since  this  peptide  is  the  only  known  N-type 
calcium  channel  blocker,  it  can  be  used  as  a  tool  for  the  isolation  and  for  function 
studies  of  these  channels. 

This  peptide,  GVIA,  has  27  amino  acids  and  3  intramolecular  S-S  bridges 
with  known  configuration  [3]  (Fig.  1).  The  present  work  evaluates  the  contribution 
of  each  intramolecular  disulfide  bond  to  the  biological  activity  of  me  peptiuc 

15  m  15  20  25 

CKS  PG  SSCS  PTS  YNCCRS  CNYTKRCY* 

1 - 1  r  j  i 


Fig.  I.  Primary  structure  of  GVIA. 


Results  and  Discussion 

Disulfide  bridges  in  short  peptides  are  considered  to  be  crucial  in  stabilizing 
their  active  conformation.  It  was  of  interest,  therefore,  to  evaluate  the  importance 
of  each  of  the  three  disulfide  bridges  of  the  GVIA,  to  its  biological  activity. 

Biological  activity  of  the  peptides  was  determined  by  their  LD50  in  the  gold 
fish  assay  [3].  Peptide  analogs  were  synthesized  by  the  ‘Merrtfield’  solid  phase 
method  [4],  followed  by  HF  cleavage,  oxidation  and  purification  by  HPLC. 
It  has  been  found  that  substitution  of  the  cysteine  pair  at  positions  8  and  19 
or  15  and  26  with  Ala  residues  resulted  in  total  loss  of  activity  (less  than  1%), 
while  the  replacement  of  Cys  1  and  16  with  Ala  residues  resulted  in  a  peptide 
which  retained  7%  of  activity. 

Gly  residues  are  frequently  found  in  /3-turn  structures  of  proteins  [5].  The 
Gly5  residue  in  GVIA  is  conserved  in  all  available  sequences  of  w  peptides  [6]. 
We  have  therefore  examined  the  possibility  that  the  Gly5  residue  of  GVIA  is 
involved  in  the  formation  of  /3-turn  type  II.  Indeed,  substitution  of  Gly5  with 
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Table  1  Sequences  and  activity  of  GVIA  -  related  peptides 


No. 

Name  of  analog 

Activity 

LD^ 

%6 

1. 

GVIA 

63 

100 

2. 

[Ala1. Ala16]  -  GVIA 

933 

6.8 

3. 

[Ala*. Ala19]  -  GVIA 

N.A. 

<  1 

4. 

[Ala15, Ala26]  -  GVIA 

N.A. 

<  1 

5. 

[D-Ala5 6 7]  -GVIA 

397 

15.9 

6. 

[Ala5]  -  GVIA 

N.A. 

<2 

7. 

[Ala1. D-Ala5, Ala16]  -  GVIA 

645 

10 

J  LD<0  is  given  in  jtg/kg;  N.A.  not  active  |LD<o>6000  Mg/kg). 
6  Percent  toxic  activity  in  gold  fish  relative  to  GVIA. 


D-AIa,  which  is  known  to  stabilize  this  structure  [7],  lesulted  in  a  peptide  which 
is  partially  active,  while  the  L-Ala  analog  had  no  detectable  biological  activity. 
These  results  are  further  substantiated  by  the  observation  that  the  [Ala',D- 
Ala5,Ala16]  analog  is  more  active  than  the  [Ala1, Ala16]  analog. 

Structure-activity  relationship  studies  of  ru-conotoxin  GVIA  indicate  that  the 
disulfide  bridges  8,  19  and  15, 26  are  essential  for  activity,  whereas  the  requirement 
for  the  disulfide  bridge  1,  16  is  less  crucial.  Substitution  of  the  Gly5  residue 
with  the  D-Ala  residue  further  indicates  that  the  conserved  Gly5  in  all  co-conotoxins 
is  in  a  /J-turn  type  II  structure. 
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Introduction 

We  propose  fluoroolefin  pseudopeptide  bonds  as  superior  replacements  of 
peptidic  bonds  particularly  exposed  to  proteolytic  cleavage.  In  contrast  to  plain 
olefin  mimics  [1]  fluoroolefins  aim  at  reproducing  both  geometric  and  electronic 
features  of  the  peptide  bond.  The  likelihood  of  preserving  structure  and  activity 
of  accordingly  modified  bioactive  peptides  is  therefore  increased.  Electrostatic 
potential  profile  representations  confirm  the  decisive  role  of  the  fluorine  atom 
in  this  context  [2].  In  order  to  gain  further  insight  into  the  utility  of  these  isosteres 
we  synthesized  two  full  length  (1-11)  and  two  partial  ([pGlu6]6-l  1)  sequence 
analogs  of  substance  P  (SP)  containing  a  fluoroolefin  bond  between  Phe8  and 
Gly9.  The  methodology  applied  for  the  preparation  of  both  enantiomers  of  the 
Phe'F(CF  =  CH)Gly  dipeptide  mimic  1  was  previously  published  [3]:  the  key 
intermediates  (R  or  S  hydroxyesters)  are  prepared  by  the  addition  of  optically 
active  ester  enolates  to  a-fluoro-a,  /J-unsaturated  aldehydes;  the  nitrogen  func¬ 
tionality  is  introduced  via  trichloroacetamidation  and  hetero-Cope  rearrange¬ 
ment. 


Fig.  I.  S  and  R  Phe'i'f CF—  CH)GIy  dipeptide  mimic. 


Results  and  Discussion 


The  peptide  chains  were  assembled  by  the  Fmoc  solid  phase  approach  [4] 
on  a  polystyrene  based  trialkoxybenzhydryl  resin  particularly  suited  for  peptide 
amide  preparations  [5].  We  chose  to  mask  the  Gin  moieties  with  the  newly 
proposed  trityl  protection  [6].  The  optically  pure  Fmoc  Phe^(CF  =  CH)Gly  units 
could  be  incorporated  into  the  growing  chain  in  excellent  yields.  Three  equivalents 
of  i  (a  or  b)  were  preactivated  with  3.3  equiv.  hydroxybenzotriazole  and  3.3 
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equiv.  diisopropylcarbodiimide  in  dimethylacetamide  and  reacted  during  40  min 
in  the  presence  of  the  H-Leu-Met-resin.  Fmoc  quantitation  readings  of  99% 
were  measured  for  both  R  and  S  forms.  RPHPLC  on  RP-18  columns  (acetonitrile 
gradient  in  0.1%  aqueous  TFA)  was  used  for  final  purifications;  as  an  alternative, 
Craig  counter  current  distribution  in  isoamyl  alcohol/  acetic  acid/  water  (4:1: 5) 
was  equally  effective. 

A  first  overall  assessment  of  the  influence  of  the  new  mimics  on  the  peptides’ 
biological  activity  revealed  the  potency  of  the  S-mimic  in  a  receptor  binding 
assay  (see  Table  in  ref.  3)  and  its  superiority  with  respect  to  the  olefinic  analog 
lacking  the  fluorine. 

'H  NMR  spectra  of  the  two  full  length  analogs  and  of  substance  P  were 
measured  in  CD3OH  at  298  K  and  313  K.  Full  intraresidual  assignments  were 
obtained  with  2D  COSY  and  TOCSY,  the  interresidual  connectivity  with  2D 
ROESY  spectra.  Furthermore  IJC  NMR  spectra  and  inverse  'H-I3C  and  'H- 
l5N  correlation  experiments  were  run.  Chemical  shifts  of  corresponding  residues 
are  quite  similar  for  the  three  compounds.  Long  range  ROESY  peaks  indicative 
of  preferred  conformations  could  not  be  observed  for  any  of  the  compounds. 
In  particular  we  could  not  confirm  published  reports  [7]  postulating  the  existence 
of  an  a-helical  region  between  Pro4  and  Phe®  for  substance  P  in  methanolic 
solution;  according  to  recent  reinterpretations  by  Williams  and  Weaver  [8]  also 
the  existing  data  from  CD  spectra  do  not  support  the  hypothesis  of  an  a-helical 
secondary  structure.  Inter  alia  the  TOCSY  and  ROESY  experiments  helped  to 
solve  some  pending  ambiguities  and  revealed  an  erroneous  assignment  of  the 
NH  peaks  for  Phe7  and  Met1 1  in  the  literature  [7],  Therefore,  the  earlier  conclusions 
drawn  from  the  low  temperature  coefficient  of  the  Met11  NH  chemical  shift 
with  regards  to  the  supposedly  preferred  conformation  of  substance  P  in  solution 
need  to  be  revised.  More  detailed  conformational  analyses  will  be  published 
separately. 

References 

1.  Cox,  M.T.,  Gormley,  J.J.,  Hayward,  C.F.  and  Petter,  N.N.,  J.  Chem.  Soc..  Chem.  Commun., 
(1980)800. 

2.  Allmendinger.  T.,  Furet,  P.  and  Hungerbuhlcr.  L..  Tetrahedron  Lett..  31  <  1990)7297. 

3.  Allmendinger,  T.,  Felder,  E.  and  Hungerbiihler,  E.,  Tetrahedron  Lett.,  31  (1990)7301. 

4.  Atherton,  E.,  Fox,  H.,  Harkiss,  D..  Logan,  C.J.,  Sheppard.  R.C.  and  Williams,  B.J.,  J.  Chem. 
Soc.,  Chem.  Commun.,  (1978)537. 

5.  Rink,  H.,  Tetrahedron  Lett.,  28(1987)3787. 

6.  Sieber,  P.  and  Riniker,  B.,  Tetrahedron  Lett.,  32(1991)739 

7.  Chassaing,  G..  Convert,  O.  and  Lavielle,  S..  Eur.  J.  Biochem..  154(1986)77. 

8.  Williams.  R.W.  and  Weaver,  J.L.,  J.  Biol.  Chem..  265(1990)2505. 


162 


Session  III 
Lipid-interactive  peptides 


Chairs:  Bruce  Merrifield 

Rockefeller  University 
New  York,  New  York,  U.S.A. 

and 

Richard  M.  Epand 

McMaster  University 
Hamilton,  Ontario,  Canada 


Interactions  between  lipids  and  linear  gramicidins: 
Influence  of  the  chemical  structure  of  the  peptide 


Ahmed  Ben  Ayad,  Driss  Ben  Amar,  Nicole  Van  Mau  and  Frederic  Heitz 

Labor at  oire  de  Physico-chimie  des  Syst  ernes  Poly  phases  -  UR  A  330-CNRS  and  G.d.R.. 
‘Canaux  peptidiques  transmembranaires' ,  B.P.  5051.  F-34033  Montpellier  Cedex,  France 


Introduction 

When  incorporated  into  lipid  bilayers,  gramicidin  A  or  GA  (HCO-Val'-Gly2- 
Ala3-D-Leu4-Ala5-D-Val6-Val7-D-Val8-Trp9-D-Leul0-Trp"-D-Leul2-Trpl3-D-Leu14- 
Trp15-NHCHOH)  induces  the  formation  of  transmembrane  channels  through 
a  dimerization  process.  These  channels  are  characterized  by  the  amplitude  of 
the  discrete  fluctuations  of  the  transmembrane  current  [1].  Two  series  of  analogs 
have  been  synthesized,  either  by  substitution  of  the  four  Trp  residues  by  Phe 
(GM)  [2]  or  by  esterification  of  the  ethanolamine  moiety.  Their  conformations 
have  been  examined  under  various  conditions  especially  in  lipid  media  such 
as  mixed  monolayers  and  attempts  to  correlate  them  to  the  single  channel  behavior 
are  made. 

Results  and  Discussion 

1)  Consequences  of  the  Trp  substitutions 

A  comparative  study  of  the  single  channel  conductances  of  GA  and  GM 
revealed  that  the  conductance  (a)  of  the  gramicidin  channel  strongly  depends 
on  the  chemical  structure  of  the  peptide  (a  is  high  and  voltage  independent 
for  GA  while  it  is  low  and  voltage  dependent  for  GM)  [3].  Is  this  difference 
due  to  conformational  modifications  of  the  channel  or  more  simply  to  a  variation 
of  its  energy  profile?  Several  facts  were  obtained  by  a  monolayer  study  of  these 
two  gramicidins  at  the  air-water  interface  in  presence  of  lipid  [4]  and  by  an 
infrared  analysis  of  monolayer  films  transferred  onto  Ge  or  CaF2  plates  [5] 
(Langmuir-Blodgett  films).  A  first  observation  deals  with  the  fact  that  both  GA 
and  GM  are  not  miscible  with  the  lipids  used  in  this  work  (DMPC  or  GMO) 
as  revealed  by  the  linear  variation,  at  10  mN/m;  i.e.  below  the  phase  transition, 
of  the  mean  molecular  area  with  the  peptide/lipid  ratio.  A  second  fact  is  obtained 
by  infrared  spectroscopy  which  shows  that  all  GA  films  are  characterized  by 
an  Amide  I  band  at  1646  cm*1  while  that  of  the  GM  containing  films  lies  at 
1633  cm-1.  By  analogy  with  model  poly-D-L-peptides  for  which  the  conformational 
state  has  been  unambiguously  identified  [6],  it  can  be  concluded  that  GA  adopts 
a  single-stranded  helical  structure  (very  probably  of  Urry’s  type  [7]  as  shown 
by  NMR  in  SDS  micelles  [8])  while  GM  is  double-stranded.  This  result  would 
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a  priori  indicate  that  the  origin  of  the  variation  of  conductance  on  going  from 
GA  to  GM  lies  in  a  modification  of  the  conformational  state  of  the  peptide. 
However,  it  must  be  emphasized  that  the  experimental  conditions  of  the 
conductance  measurements  strongly  differ  from  these  used  for  the  monolayer 
experiments  especially  with  regard  to  the  peptide  concentrations.  Therefore,  in 
order  to  confirm  the  above  conclusion,  it  was  of  major  importance  to  check 
the  conformational  states  of  the  two  molecules  under  single  channel  conditions. 
This  has  been  done  using  properties  which  are  deduced  from  the  head  to  head 
dimeric  form  of  the  channel  where  the  two  parts  can  be  chemically  different 
but  must  be  conformationaly  equivalent  allowing  thus  the  formation  of  hybrid 
dimers.  The  finding  of  hybrid  channels  between  GA  and  GM,  as  revealed  by 
the  analysis  of  their  conductances,  clearly  shows  that  under  single  channel 
conditions  both  peptides  adopt  the  same  conformational  state  (single  stranded 
helix)  [9],  Such  a  result  points  out  the  fact  that  the  conformation  identified 
by  the  use  of  conventional  techniques  is  not  necessarily  relevant  for  the  structure 
involved  when  working  under  other  experimental  conditions. 

2)  Effect  of  esterification  of  the  ethanolamine  moiety 

When  the  C-terminal  ethanolamine  moity  of  GA  is  esterified  [10]  by  carboxylic 
acids  of  various  length,  several  properties  of  the  gramicidin  molecule  are  modified. 
Concerning  the  behavior  in  lipid  bilayers  the  major  changes  occur  in  the  channel 
lifetime  (r)  which  increases  with  the  length  of  the  acyl  chain  (r=  0.4,  1.2  and 
3.6  s  for  acyl  C2,  C 1 1  and  C 16,  respectively)  while  the  conductance  remains  identical 
or  nearly  identical  to  that  of  the  parent  molecule  (\=  85  pS  at  100  mV,  CsCl 
1M,  GMO  membranes).  When  examined  in  monolayers,  strong  differences 
between  GA  and  GA(C,|)  can  be  detected.  While,  as  mentioned  above,  at  10 
mN/m,  for  GA  'he  mean  molecular  area  varies  linearly  with  the  monolayer 
composition,  this  variation  is  not  linear  in  the  case  of  GA(Cn)  and  occurs  with 
an  expansion  of  the  molecular  area.  Such  a  behavior  would  indicate  that,  in 
the  latter  case,  both  components  of  the  monolayer  are  missible.  However,  infrared 
investigations  on  transferred  GA(Cln)  containing  monolayers  reveal,  that  on 
going  from  pure  peptide  to  mixed  monolayers,  the  amide  I  band  shifts  from 
1633  to  1646  cm-1.  This  observation  dearly  indicates  that  the  phenomenon  which 
was  detected  in  the  monolayer  study,  especially  the  lowering  of  the  mean  molecular 
area  at  high  peptide/lipid  ratios,  can  be  attributed  to  a  transconformation  of 
the  peptide  structure  and  not  to  miscibility  properties  of  the  monolayer  com¬ 
ponents. 

Conclusion 

The  present  investigations  point  out  several  principles  which  have  to  be  taken 
into  account  when  investigating  properties  at  the  molecular  level: 

when  using  conventional  techniques,  the  conformations  identified  for  the 
various  gramicidins  do  not  necessarily  correspond  to  those  involved  in  the 
channel  active  form 
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the  study  and  analysis  of  monolayer  data  require  the  knowledge  of  the 
conformational  state  of  the  peptide. 
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Introduction 

Understanding  the  accumulation,  conformation,  and  orientation  of  regulatory 
peptides  on  lipid  membranes  is  a  key  to  the  molecular  mechanism  and  the 
quantitative  prediction  of  receptor  selection  [1],  reviews  in  [2,3].  We  therefore 
investigated  the  interactions  of  a  further  series  of  peptides  with  lipid  membranes 
and  compared  the  results  with  the  behavior  predicted  from  structural  and 
thermodynamic  data.  Consistency  was  found  in  all  cases,  which  included  both 
primary  and  secondary  amphiphilic  peptides. 

Methods 

Electrostatic  and  hydrophobic  association  with  membranes,  induced  secondary 
structures,  and  orientations  of  peptides  are  estimated  from  their  amino-acid 
sequences  [4],  Hydrophobic  association  constants  of  charged  peptides  on  lipid 
bilayers  are  measured  with  the  very  sensitive  ‘capacitance  minimization’  method 
that  accurately  monitors  the  binding  of  about  10-|S  moles  of  unit  charge  to 
KHMCH3  moles  of  lipid  [5].  Inserted  parts  of  the  peptides  are  characterized 
by  vesicle-mediated  hydrophobic  photolabeling  [6].  Other  methods  included 
fluorescence  changes  of  Trp  residues  [7],  and  the  release  of  6-carboxyfluorescein 
from  liposomes  [8]. 

Application  of  polarized  IR-ATR  to  lipid  membranes  and  to  peptide-membrane 
interactions  is  described  in  [9].  Peptide  secondary  structures  are  derived  from 
band  shape  analysis  of  the  peptide  amide  I  and  II  absorptions  [10].  Orientations 
are  subject  to  thermal  motions  and  are  estimated  with  polarized  infrared 
absorption.  The  time-averaged  orientation  of  a-heiix  and  /3-strand  axes  and  their 
distortions  are  usually  quantified  in  terms  of  an  order  parameter, 

3  1 

S=  -  <cos2y  >  -  - 

where  f(y)  stands  for  the  first  density  of  a  Kratky  distribution  of  the  angle 
7  between  the  helix  axis  and  the  surface  normal  (z-axis).  For  a  liquid  crystalline 
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Table  1  IR  band  positions,  derived  order  parameters  (S),  inferred  secondary  structures 
and  orientations  of  peptides  on  artificial  lipid  multilayers  in  the  attenuated  total  reflection 


mode 

Peptide 

Amide  I 

Amide  11 

Conclusion 

cm-1 

S* 

cm-1 

S* 

Structure* 

Orientation1 

Dynorphin  A(  1-131 

1665 

0.55  ±0.08 

1530 

0.70  ±0.25 

helix  (1-8)* 

normal 

Dynor-Phe' 

1665 

0.31  ±0.09 

1545 

0.15  ±0.8 

helix  (1-8)* 

normal 

Glucagon 

1660 

0.05  ±0.1 

1540 

-0.10  ±0.5 

helicaH 

parallel 

ACTH(l-IO) 

escape1 

ACTH(l-24) 

1660 

0.77  ±0.05 

1545 

0.80  ±0.8 

helix  (1-1 1)* 

normal 

ACTHf  11-24) 

1645 

1. 03  ±0.03 

1545 

^  1 

extended 

parallel 

Substance  P 

1666 

0.25  ±0.03 

1540 

=  -0.2 

helix  (3-1 1) 

normal 

0-Endorphin 

1660 

=  -0.35 

1540 

- 

helix  ( 14-31)* 

parallel 

1632 

=  -0.5 

1540 

- 

/?  (14-31)* 

parallel 

Gastrin 

1668 

**  0.16 

1545 

0.25 

helix  (=8-17) 

normal 

1610* 

-COO- 

1668 

helix  (=1-7) 

parallel 

a-MSH 

1630 

--0.28 

- 

- 

00-13) 

parallel 

1626* 

=  -0.44 

- 

- 

1665 

=  0.35 

- 

- 

helix  (1-11) 

normal 

1655* 

=  0.30 

- 

_ 

Physalaemin 

1668 

- 

- 

helix  (4-11) 

normal' 

1636/90 

- 

- 

0 

parallel' 

Eledoisin 

1636/90 

- 

- 

0 

parallel' 

3  With  standard  deviations  for  3-8  independent  observations  (otherwise  1-2  experiments). 

6  In  brackets  the  residue  range  estimated  from 

IR  band  shapes  and  energy 

minima.  0  means  antiparallel  0- 

structures  (sheets,  bends?). 

‘  Orientation  of  the  peptide  chain  or  helix  axis  with  respect  to  the  bilaver  surface. 

11  Peptide  adsorbed  onto  preformed  multibilayers  from  its  dilute  aqueous  solution. 

'  [Phe®12,  Lysl0)-Dynorphin  A(l-l3Ftridccapeptide  with  an 

enhanced  secondary  amphiphilicitv 

according  to 

'Edmundson  wheel'  considerations. 

'  Peptide  escaped  from  the  multibilayers  on  washing  with  water  or  deuterium  oxide. 
*  Carboxvlate  n  mode  despite  a  bulk  pH  of  3.5. 
h  Equilibration  with  deuterium  oxide  shifted  the  amide  1  bands. 

'  From  energy  estimations  alone. 


ultrastructure,  the  z-axis  as  the  space-fixed  direction,  an  order  parameter  S, 
and  an  angle  0  between  the  helix  axis  and  the  amide  I  (or  II)  oscillator,  the 
dichroic  ratio,  Rz,  is  estimated  as  follows  (adapted  from  [11]): 

Ap  Ax+Az  E*  S(cos20- t)+{ 

Rz  =  —  =  -  =  ~r  4-  — -  x  - 

Av  Ay  E;  Ey  S(^cos20-y)+y 

Ex,  Ey,  and  Ez  are  the  electrical  field  components  in  x,  y,  and  z,  respectively, 
with  the  total  electric  field  amplitude  for  parallel  polarization  Ep  =  (Ex2  +  Ez2)°-5. 
We  used  internal  reflection  plates  either  from  Ge  or  ZnSe  and  lipid  multibilayers 
consisting  of  about  5-6  bilayers  of  1-palmitoyl,  2-oleoyl-s«-glycero-3-phospho- 
choline  (POPC)  in  the  liquid  crystalline  ultrastructure. 
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Resoits  and  Discussion 

IR-ATR  results  are  shown  in  Table  1.  The  predicted  orientations  of  primary 
and  secondary  amphiphilic  helices  on  the  membrane  interface  were  confirmed 
by  IR-ATR.  Primary  amphiphilic  peptides  with  (estimated)  favorable  amphiphilic 
and  electric  dipole  moments,  and  strong  electrostatic  and  hydrophobic  membrane 
association  upon  insertion  of  either  their  N-  or  C-termini  into  the  hydrophobic 
phase  are  indeed  seen  to  assume  a-helical  structures  oriented  normal  to  the 
interface.  Secondary  amphiphilic  peptides  estimated  not  to  insert  terminal  domains 
into  membranes  were  seen  to  adopt  either  a-helical  or  antiparallel  ^-structures 
(possibly  including  0-bends)  oriented  parallel  to  the  interface.  With  predicted 
strong  secondary  amphiphilic  interactions,  only  a-helices  were  evident  (glucagon). 
With  predicted  weaker  secondary  interactions,  /3-structures  appeared,  which  are 
probably  stabilized  by  water  molecules  in  the  hydrophobic  gradient  near  the 
interface  (/8-endorphin).  The  observed  /?-  or  extended  structures  of  ACTH(11- 
24),  physalaemin,  and  eledoisin  may  be  artifacts  of  the  preparation,  i.e.,  of  the 
sandwiching  between  the  bilayers.  /3-Structures  in  0-endorphin,  however,  appear 
to  be  real,  because  they  are  already  present  in  the  peptide  adsorbed  from  its 
aqueous  solution.  Gastrin  is  an  interesting  case:  provided  a  strong  electrostatic 
interaction  of  the  Glu  residues  with  a  (hypothetical)  positively  charged  membrane, 
the  C-terminal  and  N-terminal  domains  could  interact  as  primary  amphiphilic 
and  secondary  amphiphilic  helices,  respectively.  For  detailed  accounts,  the  reader 
is  referred  to  the  articles  in  preparation. 
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Introduction 

A  number  of  acyclic  polypeptides  of  fungal  origin,  containing  a-amino- 
isobutyric  (Aib)  residues,  form  voltage-gated  channels  in  phospholipid  bilayer 
membranes,  for  example,  [1]: 

Alamethicin  I  (II)  :  Ac-Aib-Pro-Aib-Ala-Aib5-Ala(Aib)-Gln-Aib-Val-Aib10- 
Gly-Leu-Aib-Pro-Val'5-Aib-Aib-Glu-Gln-PhoP 

Leu-zervamicin  :  Ac-Leu-Ile-Gln-Iva-Ile5-Thr-Aib-Leu-Aib-Hyp10-Gln- 
Aib-Hyp-Aib-Prol5-Phol 

The  best-studied  members  of  this  class  are  the  alamethicins  for  which  a  crystal 
structure  has  been  reported  [2],  The  conformation  of  the  peptide  molecule  was 
established  to  be  a  bent  helix;  however,  the  molecular  packing  of  the  helices 
did  not  form  polar  channels.  The  antibiotic  Leu-zervamicin.  obtained  from  a 
mixture  of  zervamicins,  isolated  from  cultures  of  Emericellopsis  salmosynnemata 
and  purified  by  HPLC  [3,4]  has  been  shown  to  form  voltage  dependent,  multilevel, 
ion  channels  in  bilayer  membranes  [5,6],  The  Leu-zervamicin  (LZ)  peptide  has 
16  residues,  compared  to  20  residues  for  alamethicin,  and  LZ  has  five  polar 
residues  distributed  throughout  its  length,  compared  to  only  Gin7  in  the  middle 
and  Glu^-Gln19  near  the  C-terminus  for  alamethicin. 

Crystals  of  LZ  were  grown  in  four  different  polymorphs  and  structures  were 
obtained  by  X-ray  diffraction  analysis,  to  a  resolution  of  0.93  A  and  R  =  10% 
for  the  best  set  of  data  [7],  The  conformations  of  LZ  and  the  interrupted  polar 
channels  formed  by  the  aggregation  of  helices  in  the  crystal  will  be  discussed. 

Results  and  Discussion 

The  peptide  is  completely  helical  (see  Table  1)  with  a  bend  in  the  middle 
near  Hyp10  ranging  from  -30°  to  -45°  in  the  different  polymorphs.  The  convex 
side  contains  all  the  polar  residues,  while  the  concave  side  is  completely  apolar. 
The  polar  residues  are  spaced  by  i +  3  or  4,  except  for  Gin11  where  the  long 
side  chain  wraps  around  the  helix  away  from  the  hydrophobic  face  to  the  polar 
face  (Fig.  1).  Furthermore,  a  number  of  backbone  carbonyls  protrude  from 
the  curved  helical  backbone  to  enhance  the  polarity  of  the  convex  side.  In  the 
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Table  1  Backbone  torsional  angles  for  Leu-zervamicin 


Residue 

« l> 

UJ 

Residue 

</> 

* 

O) 

l 

-51 

-45 

-173 

9 

-55 

-39 

-179 

2 

-63 

-45 

-178 

10 

-63 

-16 

-177 

3 

-69 

-40 

-172 

11 

-89 

-  9 

179 

4 

-57 

-54 

-177 

12 

-51 

-37 

-177 

5 

-74 

-35 

176 

13 

-77 

-  6 

-168 

6 

-59 

-44 

-176 

14 

-53 

-44 

-178 

7 

-59 

-37 

-171 

15 

-80 

-13 

-170 

8 

-91 

-24 

-171 

16 

-115 

+72 

four  crystal  forms,  the  polar  faces  of  the  peptide  helices  associate  in  a  similar 

fashion  to  form  water  channels  that  are  interrupted  by  interpeptide  hydrogen  ,/t 

bonds  between  NH(Glnn)"  Os(Hyp10)  of  adjacent  helices.  The  unusual  folding 

of  the  Gin11  side  chain  (xl=-51°,  x2  =  -54°)  causes  the  channel  to  be  closed. 

An  assembly  of  three  peptide  molecules,  in  both  parallel  and  antiparallel 
aggregation,  appears  to  bind  the  water  channel  which  is  lined  with  -OH  and 
=  0  moieties  from  the  polar  side  chains  and  backbone.  Space  is  available  in 
the  crystal  for  several  different  hypothetical  conformations  for  the  Gin11  side 
chain  (including  an  extended  conformation  with  x1  -4-70°  and  x2  -  170°),  in 
which  case  the  channel  would  be  open.  This  suggests  that  the  Gin11  side  chain 


Fig.  I.  Two  views  of  the  curved  helix.  Only  the  polar  residues  are  indicated.  The  Gin11  side  chain 
is  darkened. 
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PORTION  COPIED  FROM 
CRYSTAL  STRUCTURES 

Fig.  2.  Schematic  representation  of  possible  ion  channel  formed  by  Leu-zervamicin  in  bilayer  membranes. 


may  be  involved  in  a  gating  mechanism  for  single  file  cation  transport  driven 
by  applied  potential. 

The  number  of  water  molecules  in  the  channel  is  different  in  the  various 
polymorphs,  depending  upon  the  magnitude  of  the  bend  in  the  helix.  The  size 
of  the  mouth  of  the  channel  appears  to  be  controlled  also  by  the  mobile  side 
chain  of  Gin3.  The  opportunity  to  study  the  peptide  and  channel  in  various 
crystal  forms  obtained  from  different  solvents  gives  a  glimpse  of  the  dynamics 
of  the  helix  backbone  and  some  of  the  side  chains  that  may  be  involved  in 
cation  transport. 
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Introduction  ^ 

Despite  their  presumed  a-helical  conformations,  the  transmembrane  (TM) 
segments  of  many  integral  membrane  proteins  contain  a  significant  content  of 
Gly  residues  [1]  -  ostensibly  strong  ‘helix-breakers’  (at  least  for  soluble  proteins) 
on  the  Chou-Fasman  scale  [2].  For  example,  the  50-residue  coat  protein  of 
bacteriophage  M13  is  comprised  of  an  acidic  N-terminal  domain  of  20  residues 
that  faces  the  periplasm;  a  C-terminal  basic  cytoplasmic  domain  of  1 1  residues; 
and  a  19-residue  apolar  ‘transmembrane'  (TM)  mid-region  that  spans  the  host 
inner  membrane  during  the  phage  life  cycle  [3].  Three  Glv’s  (23,  34.  38)  occur 
within  the  19  residues  of  the  M13  TM  segment.  Since  the  composition  of  its 
TM  region  is  typical  of  membrane-spanning  segments  of  many  membrane- 
anchored  proteins  [1],  M13  coat  protein  has  been  studied  as  a  model  ‘membrane 
protein'  [e.g.,  4). 


1  5  10  15 

H,N-  Ala  Glu  Gly  Asp  Asp  Pro  Ala  Lys  Ala  Ala  Phe  Asp  Ser  Leu  Gin  Ala  Ser 

20  25  30  35 

Ala  Thr  Glu  Tyr  He  Gly  Tyr  Ala  Trp  Ala  Met  Val  Val  Val  lie  Val  Gly  Ala  Thr 

40  45  50 

He  Gly  lie  Lvs  Leu  Phe  Lys  Lys  Phe  Thr  Ser  Lvs  Ala  Ser-  COO’ 

Fig.  I.  Amino  acid  sequence  of  wild  type  M 13  coat  protein  [3j.  The  putative  transmembrane  sequence 
(residues  21-39 j  is  shown  in  bold  type.  In  the  present  work.  (ily:<  (underlined)  has  been  mutated  to 
Ala. 

Biophysical  analysis  of  wild  type  (WT)  coat  protein  in  the  intact  phage  has 
indicated  a  largely  a-helical  conformation  for  the  protein  [5].  The  conformation 
adopted  by  the  protein  in  lipid  micelles  -  believed  to  be  a  reasonable  model 
for  the  protein  in  the  host  membrane  -  has  been  deduced  to  be  a  helical  dimer 
both  in  sodium  dodecylsulfate  (SDS)  and  sodium  deoxycholate  (DOC)  micelles 
[6],  The  occurrence  of  such  dimers  in  integral  membrane  proteins  (e.g.,  gly- 
cophorin  [7])  has  focussed  attention  on  the  mechanism  of  formation  and  sta- 
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(z)  Restore  to  25° 


(b)  65° 

/\swvvj\i 


ppm 

Fig.  2.  "C-NMR  spectra  (75  MHz)  of  carbonyl  regions  of  "C-Ala  carbonyi-enriched  MI3  mutant 
coat  protein  (325 A.  Mutagenesis  was  performed  using  the  Eckstein  method  [9J  A  point-mutated  17- 
residue  oligonucleotide  was  used  to  introduce  the  single  amino  acid  substitution  in  the  TM  region  of 
MU  coat  protein  (gene  8).  The  synthesized  oligo  was  repurified  bv  SDS-P.4GE  electrophoresis.  E. 
col'  TGI  strain  was  used  as  host  cell  in  the  transformation  step.  The  U2JA  mutation  was  identified 
from  DNA  sequencing  maps.  Wild  type  and  mutant  IJC-labelled  MU  coat  proteins  were  prepared 
by  growing  TGI  cells  in  M63  minimal  medium  supplemented  with  the  desired  labelled  t -amino  acid(s) 
[5j.  Coat  protein-containing  deoxycholate  (DOC)  micelles  were  separated  from  phage  DNA  by  gel 
filtration  on  a  Sephacryl  S-200  HR  column  equilibrated  with  elution  buffer  (25  mM  sodium  borate. 
8  mM  DOC.  pH  9.0).  One-litre  preparations  normally  generated  3-5  mg  of  coat  protein.  For  NMR 
experiments,  samples  were  lyophilized  ard  dissolved  freshly  in  0.5  ml  D,0  (Henry  and  Sykes  [6]). 
Sample  concentration  was  determined  according  to  Nozaki  et  at.  using  0D:m  =  1.66  for  /  mg/ ml  coat 
protemflO ].  [G2  AJ-MI3  coal  protein  concentration  =  2  mM  in  30  mM  DOC  micelles.  pH—9.  Runs 
(a),  (b).  and  (c)  each  had  an  elapsed  time  of  4-5  h.  Line-broadening  in  spectrum  (b)  was  observable 
after  1.5-2  h  at  65°.  Since  the  sample  used  in  NMR  experiments  likely  contains  WT  protein  (see 
text),  we  cannot  exclude  the  possibility  that  hetero-oligomers  ( arising  from  G2IA-WT  interactions) 
contribute  to  the  effects  observed.  For  a  detailed  description  of  MU  transmembrane  region  mutants, 
see  Li  and  Deber  [l  If. 

bilization  of  apparently  a-helical  TM  dimers/aggregates,  a  phenomenon  which 
may  be  crucial  to  M13  coat  protein  function  in  E.  coii  host  membranes.  Residues 
with  ‘small’  side  chains,  particularly  Glv  and  Ala,  have  been  implicated  as  points 
of  protein-protein  contact  in  helica1  aggregates. 

Results  and  Discussion 

To  examine  residue-dependent  stability  of  2°  structure  in  TM  segments,  we 
are  using  site-directed  mutagenesis  to  prepare  a  library  of  M13  coat  proteins 
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with  point  mutations  at  selected  sites  within  the  TM  region  (see  Fig.  2  legend). 
Biophysical  analysis  of  one  such  mutant,  the  M 13  Gly23-to-Ala23  mutant  (G23A), 
is  reported  here.  Using  l3C-enrichment  to  visualize  desired  residues,  the  spectrum 
in  Fig.  2a  at  25°  was  obtained;  Ala1  and  Ala49  are  assigned  as  reported  [6]; 
chemical  exchange  at  the  N-terminal  amino  group  broadens  the  A1  resonance 
at  pH  =  9.  Other  Ala  C  =  0  chemical  shifts  are  grouped  around  176  ppm.  We 
observed  that  the  G23A  mutant  spectrum  is  broadened  essentially  beyond 
detection  during  4-5  h  of  data  accumulation  at  55-65°  (Fig.  2b),  and  remains 
broadened  after  the  temperature  is  returned  to  25°  (Fig.  2c).  This  behavior, 
which  is  inducible  in  WT  coat  protein  under  certain  conditions,  corresponds 
to  irreversible  /3-sheet  polymeric  aggregates,  as  determined  by  gel  Filtration  [8]. 
However,  parallel  NMR  experiments  (as  in  Fig.  2)  performed  on  WT  coat  protein 
(not  shown)  demonstrated  that  resonance  linewidths  for  WT  coat  actually 
narrowed  through  the  temperature  range  25-65°  (reflecting  essentially  an  increase 
in  overall  molecular  motion),  and  a  spectrum  similar  to  Fig.  2a  was  regenerated 
upon  cooling  to  25°.  This  latter  result  is  consistent  with  the  report  that  /3- 
aggregates  do  not  occur  in  WT  coat  under  conditions  similar  to  the  present 
NMR  experiments  (i.e.,  4  h,  55°,  50  mM  DOC  [8]). 

Data  in  Fig.  2  thus  demonstrate  that  the  G23A  mutation  confers  an  inherently 
increased  propensity  for  /3-sheet  formation  vs.  WT  coat.  This  result  is  particularly 
striking,  considering  that  replacement  of  the  ‘helix-breaker’  Gly  by  the  ‘helix- 
promoter’  Ala  residue  might  have  been  expected  to  stabilize,  rather  than 
destabilize,  helical  TM  segment  2°  structure.  Circular  dichroism  spectra  (not 
shown)  are  consistent  with  NMR  results,  in  that  mutant  G23A  displays  10- 
20%  reduced  helical  content  vs.  WT  coat  (data  obtained  on  1  mM  protein  in 
30  mM  DOC  at  25°).  Interestingly,  preliminary  results  from  DNA  sequencing 
of  the  G23A  phage  DNA  from  1 -liter  preparations  suggest  a  tendency  for  the 
simultaneous  growth  of  WT  during  the  repeated  phage  replication  cycles  which 
occur  in  large  scale  preps,  indicating  the  limited  viability  of  the  G23A  TM 
mutation.  The  overall  results  confirm  the  fundamental  importance  of  the  presence, 
and  sequence  location,  of  specific  TM  Gly  residues  as  functional  helix-helix 
contact  points  during  protein  dimerization/oligomerization  within  a  membrane 
environment,  and  suggest  that  even  Ala  residues  can,  in  principle,  disrupt  these 
contacts  such  that  association  of  protein  chains  results  instead  in  /3-aggregates. 
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Introduction 

Recent  dramatic  advances  in  X-ray  crystallography  and  solution  NMR  have 
yielded  three-dimensional  structures  of  many  soluble  proteins  and  peptides. 
Unfortunately,  the  same  sort  of  information,  which  is  essential  in  elucidating 
mechanisms  of  action,  is  largely  unavailable  for  molecules  which  function  within 
biological  membranes.  The  problem  lies  primarily  in  the  inability  to  prepare 
samples  in  a  crystalline  form  appropriate  for  X-ray  analysis,  or  to  interpret 
NMR  spectra  complicated  by  the  increased  linewidths  of  membrane-bound 
species.  One  compromise  which  allows  the  solution-state  NMR  study  of  this 
class  of  proteins  is  to  work  in  an  organic  solvent  which  mimics  the  membrane 
environment.  Unfortunately,  the  relevance  of  an  organic  solution  structure  to 
that  in  the  lipid  bilaver  is  not  always  clear,  as  exemplified  by  structural  studies 
of  gramicidin  A  [1-3]. 

We  have  previously  demonstrated  the  utility  of  solid-state  NMR  in  providing 
accurate  structural  information,  using  REDOR  (Rotational  Echo  DOuble  Res¬ 
onance)  NMR  [4-6].  This  magic-angle  spinning  technique  measures  heteronuclear 
dipolar  coupling  between  pairs  of  labeled  nuclei  and  allows  interatomic  separation 
to  be  determined  based  on  the  r-3  distance  dependence  of  dipolar  coupling. 
The  l3C  echos  that  normally  form  during  each  rotor  cycle  are  prevented  from 
reforming  by  rotor-synchronized  ir  pulses  applied  to  another  nucleus,  such  as 
15N.  For  weak  coupling,  the  difference,  AS,  between  spectra  obtained  with  and 
without  the  perturbing  v  pulses  is  related  to  the  dipolar  coupling  by 

—  =  k(^£)2, 

S  dT 

where  S  is  the  full  echo  signal;  Nc  is  the  number  of  rotor  cycles;  D  is  the  dipolar 
coupling  to  be  determined;  $r  is  the  rotor  spinning  speed;  and  K  is  a  dimensionless 
constant  equal  to  1.066.  The  value  of  D  can  be  calculated  directly  when 

is  less  than  -0.2,  or  derived  by  fitting  the  observed  to  simulated 

^  N  ^ 

values  as  a  function  of  — . 
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While  REDOR  was  shown  to  be  both  accurate  and  precise  in  that  a  4-A 
distance  (previously  determined  by  X-ray)  could  be  measured  to  ±0.1A  [6],  it 
was  clear  that  enhanced  sensitivity  was  necessary  if  the  technique  were  to  be 
applied  to  a  reasonable  quantity  of  membrane-bound  peptide.  In  addition,  natural 
abundance  l3C  contributions  to  both  the  full-echo  and  the  REDOR-dephased 
signal  could  lead  to  errors  in  long-distance  measurements,  particularly  in  an 
environment  such  as  a  membrane  or  the  active  site  of  an  enzyme  where  the 
nuclei  of  interest  are  surrounded  by  many  carbons  that  are  not  specifically  labeled. 

TEDOR  (transferred-echo  double-resonance)-REDOR  NMR  and  double- 
REDOR  NMR  are  triple-resonance  experiments  designed  to  address  these 
limitations.  In  both  experiments,  the  l3C  signal  of  interest  can  be  spectroscopically 
selected  from  a  large  natural-abundance  l3C  background  by  incorporating  a 
nearby  l5N.  Dipolar  coupling  to  a  third  rare-spin  label  then  measures  a  specific 
distance.  When  l9F  is  used  as  the  third  perturbing  nucleus,  its  large  gyromagnetic 
ratio  gives  rise  to  a  greater  dipolar  coupling.  The  resulting  signal  to  noise 
enhancement  means  longer  distances  can  be  measured  on  smaller  samples. 

Results  and  Discussion 

We  prepared  19FCH2CO-Phe-MeA-MeA-[l-l3CO]MeA-['5N]Val-Gly-Leu-MeA- 
MeA-OBzl  to  test  and  calibrate  TEDOR-REDOR  and  double-REDOR  NMR 
techniques.  This  peptide  sequence  is  a  fluorinated  analog  of  the  N-terminal  portion 
of  the  emerimicins  III  and  IV,  which,  as  members  of  the  peptaibol  family  of 
antibiotics,  are  known  to  function  as  ion  channels  in  membranes.  The  crystal 
structure  of  the  non-fluorinated  analog  has  been  previously  determined  to  be 
a-helical  [7],  and  has  been  used  as  a  standard  for  a  REDOR  determination 
of  a  15N  to  l3C  distance  [6].  Hypothesizing  that  the  fluorinated  analog  would 
be  isomorphous,  the  distance  between  the  l9F  and  13C  labels  was  determined 
to  be  7.91  A,  assuming  rotameric  averaging  of  the  fluoromethyl  group. 

In  the  double-REDOR  experiment,  two  REDOR  experiments  are  performed 
successi"ely.  The  first  experiment  uses  l5N  n  pulses  to  dephase  the  l3C  signal, 
and  se»  es  to  select  the  13C  signal  of  interest.  Because  the  15N-I3C  pair  are  so 
closely  positioned  (in  this  case  directly  bonded),  their  interaction  dominates  the 
l5N-13C  dipolar  coupling  in  the  sample.  The  difference  signal  from  this  experiment 
defines  S  for  the  specifically  labeled  l3C.  In  the  second  REDOR  experiment, 
l9F  dephasing  pulses  result  in  a  difference  signal,  AS,  from  which  the  l3C-,9F 
dipolar  interaction  can  be  calculated  using  S  as  determined  from  the  first 
experiment. 

TEDOR-REDOR  is  a  modified  REDOR  experiment  involving  an  initial 
preparation  period  in  which  magnetization  initially  in  the  l5N  spin  system  is 
dephased  by  l3C  7r  pulses.  Using  an  INEPT-type  pulse  sequence,  a  coherence 
transfer  from  l5N  to  l3C  is  effected.  Coherence  is  translated  into  observable 
l3C  magnetization  by  rotor-synchronized  l5N  n  pulses.  As  in  double-REDOR, 
the  proximity  of  15N  and  ,3C  nuclei  enables  selection  of  the  specifically  labeled 
carbon  signal  from  a  background  of  natural-abundance  13C  signals.  Following 
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dephased  by  l3C  n  pulses.  Using  an  INEPT-type  pulse  sequence,  a  coherence 
transfer  from  l5N  to  13C  is  effected.  Coherence  is  translated  into  observable 
l3C  magnetization  by  rotor-synchronized  l5N  n  pulses.  As  in  double-REDOR, 
the  proximity  of  15N  and  l3C  nuclei  enables  selection  of  the  specifically  labeled 
carbon  signal  from  a  background  of  natural-abundance  l3C  signals.  Following 
the  transfer,  a  REDOR  experiment  with  l9F  dephasing  is  performed,  and  the 
dipolar  coupling  evaluated  in  the  usual  fashion. 

The  l3C-19F  internuclear  distance  in  l9FCH2CO-Phe-MeA-MeA-[l-13CO]MeA- 
[l5N]Val-Gly-Leu-MeA-MeA-OBzl  was  evaluated  using  double-REDOR  and 
TEDOR-REDOR.  The  measured  values  of  7.9  and  7.8  A,  respectively,  agree 
with  the  rotationally  averaged  distance  estimated  from  the  crystal  structure  of 
the  non-fluorinated  analog.  For  the  double-REDOR  experiment,  AS/S  at  Nc  =  40 
was  0. 17.  The  estimated  error  on  these  measurements  is  ±  0.3  A,  and  the  available 
signal  to  noise  suggests  distance  measurements  up  to  10  A  on  5  /xmol  of  label 
should  be  possible. 

The  precision  and  accuracy  of  double-REDOR  and  TEDOR-REDOR  NMR 
in  the  measurement  of  long  interatomic  distances  suggests  these  techniques  may 
be  applicable  to  structure  determination  for  macromolecular  aggregates  which 
are  not  amenable  to  analysis  by  existing  methods. 
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Introduction 

Many  proteins  involved  in  signal  transduction  are  known  to  interact  with 
Ca2+  in  the  cytosolic  or  membrane  environment.  While  much  is  known  about 
the  structural  requirement  for  Ca2+  binding  in  the  aqueous  medium,  relatively 
little  is  known  about  the  conformational  aspects  of  Ca2+  binding  in  nonpolar 
media  such  as  the  lipid  bilayer.  We  have  studied  linear  synthetic  peptide  models 
that  bind  Ca2+  stoichiometrically  in  solvents  such  as  trifluoroethanol  (TFE)  and 
acetonitrile  (ACN)  [1],  These  peptides  also  translocate  Ca2+  across  bilayer 
liposomes  [2],  We  have  extended  these  studies  now  to  peptide  hormones.  Rather 
surprisingly,  many  types  of  peptide  hormones  are  seen  to  bind  Ca2+  in  nonpolar 
media  and,  in  model  liposome  systems,  translocate  the  cation  across  the  lipid 
bilayer.  The  implications  of  these  observations  are  discussed  in  this  report. 

Results  and  Discussion 

The  hormones  tested  for  Ca2+  binding  included  ACTH(l-lO),  angiotensin, 
bradykinin,  bombesin,  enkephalins,  LHRH,  substance  P,  and  oxytocin  all  of 
which  exhibited  stoichiometric  Ca2+  binding  in  TFE  or  TFE/ACN.  In  some 
cases  like  substance  P,  selectivity  over  Mg2+  and  cooperative  binding  of  two 
cations  to  one  peptide  were  observed  [3].  These  hormones  as  well  as  glucagon 
and  insulin  were  transporters  of  Ca  in  vesicles  made  of  DMPC,  or  egg  lecithin. 
The  method  used  in  the  binding  studies  was  mainly  CD  which  showed  substantial 
changes  in  each  case  on  Ca2+  binding  suggesting  that  the  Ca2+-bound  confor¬ 
mation  is  very  different  from  the  free  hormone  structure.  Transport  of  Ca2+ 
was  studied  by  using  Arsenazo  III  or  Fura  2  as  indicators.  The  details  of  these 
studies  are  to  be  reported  elsewhere  [3]  and  to  be  puolished. 

Earlier  studies  by  others  have  shown  Ca2+  binding  by  enkephalins,  gastrins, 
glucagon  and  insulin.  Combined  with  our  present  observation,  it  appears  that 
Ca2+  binding  in  a  nonpolar  milieu  is  a  general  property  of  the  hormones.  Molecular 
model  building  and  energy  minimization  on  bombesin  (A.  St-Jean  and  V.S. A., 
work  in  progress)  show  that  cation  binding  enhances  the  amphiphilicity  of  the 
peptide  by  engaging  the  polar  carbonyl  groups  and  yielding  a  compact  and 
unique  structure  to  the  hormone.  We  believe  that  it  is  the  Ca2+-bound  form 
that  is  the  bioactive  conformation  of  most  hormones  (see  [4]).  This  structure 
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would  enable  the  hormone  to  penetrate  the  lipid  bilayer  as  happens  in  our  model 
transport  studies.  In  such  a  case,  we  visualize  that  the  hormones  would  interact 
with  their  membrane-bound  receptors  with  the  bound  Ca2+  and  form  a  receptor- 
Ca2+-hormone  complex  as  an  intermediate.  The  complex  may  subsequently 
dissociate  to  release  the  free  hormone  and  yield  the  activated  (Ca2+-bound)  form 
of  the  receptor.  This  implies  Ca2+  binding  by  receptors  in  general.  Several  examples 
are  available  to  support  this  view  (see  [41). 
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Introduction 

We  previously  found  that  an  amphipathic  a-helical  peptide  Ac-(Leu-Ala-Arg- 
Leu)rNHCHi  (43)  showed  various  biological  activities  [1]  and  fused  liposomes 
[2] .  Furthermore,  the  activities  and  a-helical  contents  of  43,  [Pro6]43  (1),  [Pro2-6]43 
(2),  and  [Pro2-6-,0]43  (3)  decreased  in  this  order,  suggesting  that  the  activities 
are  correlated  with  their  amphipathy  [3].  To  understand  the  property  of  the 
peptides  better,  we  investigated  membrane-perturbative  and  fusogenic  abilities 
of  the  peptides  by  dye  leakage  and  lipid  intermixing  measurements,  respectively. 
Change  of  the  membrane  structure  of  Staphylococcus  aureus  by  43  was  also 
examined  by  electron  microscopy. 

Results  and  Discussion 

In  egg  PC -egg  PA  (3:  1,  acidic)  liposomes,  43,  1  and  2  released  dye  strongly, 
while  3  acted  weakly.  In  egg  PC  (neutral)  liposomes,  1-3  showed  a  weaker  ability 
than  43.  These  results  indicate  that  the  charge  interaction  between  the  basic 
peptides  and  acidic  liposomes  perturbs  the  phospholipid  bilayers  more  effectively 
than  the  hydrophobic  interaction  between  the  peptides  and  lipids. 

Figure  1  shows  the  degree  of  the  intermixing  of  liposome  membrane  as  a 
function  of  peptide  concentration  for  acidic  liposomes  containing  A-(7-nitrobenz- 
2-oxa-l,3-diazo-4-yl)-phosphatidylethanolamine  and  A-(lissamine  Rhodamine  B 
sulfonyOphosphatidylethanolamine.  In  acidic  liposomes,  peptides  43,  1  and  2 
induced  the  intermixing  at  a  peptide  concentration  of  1  pM,  while  3  induced 
it  above  5  pM.  In  neutral  liposomes,  43  showed  a  fairly  strong  ability  to  induce 
intermixing.  Peptides  1  and  2  showed  a  weak  ability,  and  negligible  intermixing 
was  observed  for  3,  suggesting  that  the  fusogenic  abilities  of  peptides  are  in 
parallel  to  the  helix-forming  potentials.  Electron  microscopic  data  showed  that 
1  caused  a  transformation  of  small  vesicles  to  large  ones.  The  size  of  vesicles 
was  slightly  smaller  and  more  heterogeneous  than  that  induced  by  43.  These 
findings  indicate  that  the  ability  of  peptides  to  induce  the  fusion  of  liposomes 
depends  on  the  magnitude  of  amphipathy. 

Morphological  changes  in  S.  aureus  209P  induced  by  43  were  a  destruction 
of  the  cell  wail  and  an  accumulation  of  large  electron-opaque  structure  in  the 
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1-3. 


cytoplasm.  The  damage  was  initiated  by  the  formation  of  a  gap  in  the  cell  wall. 
The  cell  wall  became  thin  and  was  finally  ruptured.  The  freeze-fracture  method 
revealed  that  a  heavy  damage  occurred  on  the  cell  membrane.  These  structural 
changes  were  not  specific  for  4,  but  were  also  found  in  gramicidin  S-treated 
cells.  We  consider  that  the  bactericidal  mechanism  of  4?  and  gramicidin  S  on 
S.  aureus  may  be  similar. 
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Introduction 


Post-translational  modifications  of  peptides  and  proteins  by  fatty  acids  or 
(phospho)lipids  has  proven  to  be  essential  for  the  biological  function  of  many 
mature  polypeptides  and  proteins  [1].  The  attachment  of  fatty  acids  or  lipids 
may  influence  the  ability  of  peptides  and  proteins  to  associate  with  membranes. 
As  a  result  the  distribution  but  also  transmembrane  transport  of  these  molecules 
may  be  influenced.  Furthermore,  attachment  of  fatty  acids  or  lipids  to  peptides 
may  be  used  for  targeting  peptides  and  proteins  to  certain  locations  in  the 
organism. 

Recently  [2,3],  we  found  that  the  lipopeptides  iV-myristoyl-Lys-Arg-Thr-Leu- 
Arg-OH  and  /V-myristoyl-Arg-Lys-Arg-Thr-Leu-Arg-Arg-Leu-OH  are  selective 
inhibitors  of  protein  kinase  C  (PKC)  with  an  IC50  value  of  75  /xM  and  5  jxM 
respectively.  PKC  is  a  Ca2+-  and  phospholipid  dependent  protein  kinase  which 
has  been  implicated  in  the  regulation  of  many  cellular  processes  [4].  The  enzyme 
binds  and  is  specifically  activated  by  diacylglycerol  as  well  as  tumorpromotors 
such  as  teleocidine  and  TPA  (12-6>-tetradecanoylphorbol-  13-acetate)  [4],  Over- 
expression  of  PKC  causes  a  loss  in  growth  control  mechanisms  in  rat  fibroblasts 
[5].  Therefore,  it  is  thought  that  selective  PKC  inhibitors  might  include  anti- 
proliferation  agents.  Moreover,  PKC  inhibitors  could  form  a  novel  class  of  anti¬ 
cancer  drugs. 

The  lipopeptides  (vide  supra)  were  obtained  by  N-myristoylation  of  the 
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Fig.  I.  Synthesis  of  diacylglycerol  derivative  4. 
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Fig.  2.  Synthesis  of  lipopeptide  6. 

corresponding  penta-  and  octapeptide,  both  of  which  are  substrates  of  PKC. 
It  was  expected  that  the  lipopeptides  would  have  a  strong  interaction  with  PKC 
because  it  contains  a  hydrophobic  domain  capable  of  interacting  with  the 
myristoyl  chain.  Another  motive  for  attachment  of  a  myristoyl  chain  to  the 
peptide  was  to  facilitate  its  transfer  through  cell  membranes. 

In  order  to  enhance  the  interaction  with  PKC  even  more,  we  decided  to 
synthesize  a  substrate  peptide  with  a  dimyristoylglycerol  moiety  instead  of  a 
myristoyl  chain.  Because  of  its  increased  lipophilicity  as  compared  to  the 
(mono)myristoylated  penta-  and  octapeptide  (vide  supra),  we  expected  to  obtain 
a  more  potent  inhibitor  of  PKC. 

Here  we  wish  to  report  a  general  method  for  the  synthesis  of  peptides  containing 
a  diacylglycerol  moiety  linked  via  an  acetic  acid  derivative  to  the  N-terminus. 
The  method  is  illustrated  by  the  synthesis  of  dimyristoyl-glycerol-Lys-Arg-Thr- 
Leu-Arg-OH  which  is  an  inhibitor  of  PKC. 

Results  and  Discussion 

Starting  from  1,2-isopropylidene-sn-glycerol  1.  the  benzyl  ester  of  the  glyceroxy 
acetic  acid  derivative  2  was  obtained  in  70%  as  is  depicted  in  Fig.  1.  Subsequently, 
removal  of  the  isopropylidene  group  followed  by  myristoylation  of  the  diol 
afforded  3  in  63%.  After  hydrogenolvsis  of  the  benzyl  ester  3,  the  active  ester 
4  was  prepared  using  DCC  and  pentafluorophenol. 

The  pentapeptide  5  was  synthesized  on  a  solid  phase  using  the  Fmoc 
methodology.  The  diacylglycerol  synthon  4  was  coupled  to  the  immobilized 
peptide  as  shown  in  Fig.  2.  After  deprotection  and  purification  by  Sephadex 
LH-20  followed  by  preparative  RPHPLC  the  fully  deprotected  pure  lipopeptide 
was  obtained  in  36%  yield. 

Preliminary  experiments  show  that  the  lipopeptide  6  is  a  more  potent  inhibitor 
than  the  corresponding  myristoylated  pentapeptide  [2]. 

This  paper  describes  a  facile  synthesis  of  a  diacylglycerol  derivative  4  which 
may  be  used  to  prepare  various  lipopeptides.  Thus,  the  offered  synthesis  might 
be  considered  as  a  general  method  to  obtain  cell  permeable  peptides.  The  acyl 
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chains  in  the  glycerol  derivative  4  can  be  varied  using  different  (fatty)  acid 
chlorides.  Furthermore,  the  concept  that  attachment  of  a  myristoyl  chain  can 
convert  a  PKC  substrate  into  an  inhibitor  can  probably  be  extended  to  the 
attachment  of  a  dimyristoylglycerol  derivative  to  a  PKC  substrate.  This  might 
lead  to  more  potent  inhibitors  of  PKC. 
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Introduction 

The  solid  state  conformation  and/or  the  dominant  solution  state  conformation 
was  successfully  determined  for  several  /3-turns.  A  few  previous  attempts  have 
been  made  to  determine  the  complete  conformational  set  of  any  /3-turn  model 
in  solution  [1.2].  On  the  basis  of  the  herein  reported  research,  we  believe  that 
all  the  previously  reported  /3-turn  models  represented  conformational  mixtures 
in  various  solvents  and  that  the  spectral  properties  (and  the  conformational 
features)  of  /3-turn  types  I  or  II  have  not  been  unambiguously  identified.  Methods 
have  been  developed,  herein,  for  the  deconvolution  of  conformational  mixtures. 
/3-Turn  models  were  designed  specifically  for  simultaneous  CD  and  NMR 
investigations.  While  NOE  results  can  be  interpreted  in  terms  of  interproton 
distances,  CD  can  provide  information  on  the  relative  orientation  of  the  amide 
planes.  The  parallel  use  of  the  two  methods  may  yield  independent  information 
on  the  same  conformational  mixture. 

Results  and  Discussion 

The  strategy  of  the  present  conformational  analysis  was  to  first  determine 
the  complete  conformational  sets  of  cyclic-models  from  molecular  dynamics 
trajectory  analysis.  Using  interproton  distances  from  the  pure  conformations 
the  NOE  obtained  distances  were  quantified.  Finally  these  conformational  data 
were  compared  with  quantitative  CD  results.  Starting  from  the  statistical 
observation  that  the  -Pro-Ser-  sequence  has  a  high  /8-turn  formation  potential 
[3,4]  in  globular  proteins  and  from  X-ray  data  on  Piv-Pro-Ser  NHMe  [5],  Boc- 
Pro-Ser-NHMe  [6]  and  cyclo[NH-(CH2)4CO-Gly-Pro-Ser(0'Bu)-Gly]  [7],  a  set 
of  -Pro-Ser-  encompassing  models  weie  synthesized:  cyclic  {cyclo[NH-(CH2)5CO- 
Pro-Ser(OBzH]  (A),  cyclo[NH-(CH2)5CO-Pro-Ser]  (B),  cyclo[NH-(CH2)5CO-Pro- 
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Ser(OBzl)-NH-(CH2)5CO-Pro-Ser(OBzl)]  (C),  cyclo[NH-(CH,)5CO-Pro-Ser-NH- 
(CH2)5CO-Pro-Ser]  (D),  cyclo[NH-(CH2)4CO-Gly-Pro-Ser(6‘Bu)-Gly]  (E),  cy- 
clo[NH-(CH2)4CO-Gly-Pro-Ser-Gly]  (F)},  and  linear  peptide  models  {Ac-L-Pro- 
L-Ser-NHMe,  Piv-L-Pro-L-Ser-NHMe,  Boc-L-Pro-L-Ser-NHMe  (G),  Boc-L-Pro- 
D-Ser-NHMe  (H)}.  These  models  were  subjected  to  a  thorough  conformational 
analysis. 

As  suggested  previously  [1]  quantitative  cross-relaxation  rate  analysis  may 
yield  interproton  distances.  Using  any  carefully  selected  conformation  dependent 
interproton  distance  (marker  distance  r,)  the  weight  (pj)  of  a  conformer  in  a 
mixture  can  be  estimated  using  the  equation  [8]: 


when  all  the  appropriate  distances  (r,j)  in  all  of  the  pure  conformers  are  known. 
If  the  conformational  mixture  has  n  components,  (n-  1)  marker  distances  are 
required.  The  determined  conformational  percentages  found  in  CD3CN  are  shown 
in  Table  1. 

By  assuming  the  additivity  of  the  CD  contribution  of  these  conformations, 
the  measured  CD  spectra  are  the  weighted  sum  of  the  pure  conformed  CD 
g,(M; 


Table  1  Conformational  percentages 

NOE  CD 


Comp.J 

Target 

Marker  distance 

Values  Range 

Type  I 

Type  11 

P1  +  P4 

P2  +  P3 

A 

NHScr-H?er 

2.78 

2.9 

2.3 

89  ±3% 

11  ±  3% 

100% 

0% 

NHScr-H?ro 

3.17 

3.5 

2.3 

88  ±  2% 

12  ±2% 

B 

NHSct-H?„ 

2.64 

2.9 

2.3 

74  ±  1% 

26  ±1% 

70% 

30% 

NHStr-H?rn 

3.17 

3.5 

2.3 

72  ±  2% 

28  ±1% 

C 

nh^-hl 

2.62 

2.9 

2.1 

68  ±  5% 

32  ±5% 

92% 

8% 

NHSer-H?ro 

3.03 

3.5 

2.2 

87  ±  5% 

13  ±5% 

E 

NHScr-HL 

2.70 

2.9 

2.3 

82  ±  3% 

18  ±3% 

76.5% 

23% 

NHstf-Hpro 

2.70 

3.5 

2.15 

78  ±  3% 

22  ±3% 

F 

nhs„-hl 

2.50 

2.9 

2.3 

40  ±5% 

60  ±5% 

65% 

35% 

NHscr-H?ro 

2.30 

3.5 

2.15 

53  ±  5% 

47  ±5% 

G 

nhs„-h?„ 

3.00 

3.0 

2.3 

100  ±5% 

0±5% 

43% 

57% 

NHStr-H?ro 

2.70 

3.45 

2.2 

72  ±  6% 

28  ±6% 

H 

NHS„-H?„ 

2.85 

2.25 

2.9 

7  ±5% 

93  ±  8  % 

16% 

84% 

NHSt  -Hpro 

2.30 

3.45 

2.25 

3  ±8% 

97  ±8% 

a  D  was  not  soluble  in  CDjCN. 
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Fig.  I.  Deconvolution  of  14  fl- turns  into  4  pure  components  in  CD3CN. 


f(A)  =  1  pj  *  gj(A)  +  noise 

where  f(A)  is  the  measured  CD  curve,  and  p>  is  the  weight  of  gj(A).  The 
deconvolution  procedure  which  operates  conversely  to  a  linear  combination, 
which  aims  to  determine,  simultaneously,  the  weights  ps  and  the  pure  component 
curves  g,(A)  were  applied  to  14  (A  to  H  4-  7)  CH3CN  soluble  /3-turn  models. 
Such  a  minimization  is  feasible  when  a  set  of  measured  f™(A)  is  analyzed  [9], 
as  follows: 

N  N  N  N  P 

[  1  fj"  (A)  - 1  f?  (A)  p  =  [  2  fim  (A)  -  2  2  Pii  gi  (^)  ]2  ^  minimized 

j=l  j=l  j=l  j=ij=l 

Assuming  that  all  other  factors  determining  the  CD  (e.g.  temperature,  solvent 
shift,  concentration,  number  of  chromophores,  etc.)  are  constant,  the  resulting 
pure  CD  conformational  curves  and  weights  are  related  to  the  amide  confor¬ 
mations  because  the  conformation  was  the  only  variable.  Using  the  resulting 
conformational  weights  (cf.  Table  1)  and  the  appropriate  pure  component  curves 
(cf.  Fig.  1)  any  originally  measured  f-’(A)  spectra  can  be  reconstructed: 

f(A)  =  p,  ♦  g,(A)  +  p2  *  g2(A)  +  p3  ♦  g3(A  +  p4  *  g4(A)  +  noise 

As  type  I  and  type  II  /3-turns  are  interrelated,  a  conformational  deconvolution 
[9]  was  applied  using  NMR  and  CD  spectroscopy  data.  The  two  independent 
methods  resulted  in  similar  conformational  percentages  for  models  A  to  H.  Using 
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the  NMR  confirmed  weights  and  the  coupled  pure  component  CD  spectra,  it 
was  possible  to  determine  the  absolute  CD  spectra  of  type  I  (and  type  II)  /?- 
turns. 
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Introduction 

Scorpion  venoms  are  rich  in  toxins  acting  on  mammal  ion  channels.  Most 
of  them  recognize  Na+  channels  [1].  Recently,  a  new  family  of  polypeptides 
that  specifically  inhibit  K+  channels  has  been  described  [2].  Among  these  peptides, 
charybdotoxin,  isolated  from  the  venom  of  Leiurus  quinquestriatus  hebrceus,  was 
the  first  purified  and  characterized  [3].  It  is  a  small  protein  containing  37  amino 
acids  with  3  disulphide  bridges.  The  three-dimensional  structure  of  natural 
charybdotoxin  has  been  determined  by  'H  NMR  studies.  Two  different  structures 
have  been  reported  [4,5].  One  of  these  has  now  been  retracted  by  the  authors 
[6].  Finally,  the  NMR  structure  reported  for  synthetic  charybdotoxin  [7]  is  in 
agreement  with  our  preliminary  structural  model  of  the  natural  compound  [5]. 
Comparison  of  our  preliminary  structure  with  those  of  other  scorpion  toxins 
indicated  the  existence  of  a  common  structural  motif  in  these  proteins  [5].  The 
low  resolution  of  our  initial  model  did  not  allow  us  to  determine  precisely  the 
degree  of  structural  analogy  in  this  family  of  proteins.  We  have  collected  additional 
NMR  data  from  which  a  series  of  charybdotoxin  structures  has  been  computed. 
These  new  refined  structures  are  in  agreement  with  our  previous  results.  They 
now  allow  us  to  establish  a  detailed  comparison  among  the  known  structures 
of  scorpion  toxins  and  to  analyze  the  role  of  the  amino  acids  conserved  in 
these  proteins.  We  show  here  that  scorpion  toxins  and  insect  defensins  are 
structurally  related. 

Results  and  Discussion 

As  previously  described  [5],  all  the  experiments  were  performed  using  8  mg 
of  natural  charybdotoxin  purified  from  2.5  g  of  venom. 

The  analysis  of  the  NOESY  data,  obtained  in  H20  and  D20  at  temperatures 
ranging  from  15  to  45°C,  allowed  the  identification  of  151  inter-residual  NOE 
connectivities.  The  NOE  intensities  were  derived  either  from  the  analysis  of  the 
build-up  rate  curves  or  from  the  measurement  of  the  cross-peak  volumes  in 
spectra  recorded  with  a  150  ms  mixing  time.  Additional  22  distance  constraints 
were  used,  corresponding  to  1 1  hydrogen  bonds  obtained  from  the  analysis  of 
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Fig.  /.  Son-sequential  SOEs  used  as  distance  constraints  for  the  computation  of  charvhdoloxm 
structures.  Each  off-diagonal  point  indicates  one  or  more  constratnt(s)  between  residues  at  positions 
shown  along  the  axes.  (■)  backbone-backbone  NOEs:  (□)  hvdrogen-bonds:  (S)  SOEs  and  hydrogen- 
bond:  (•)  backbone/side-chain  SOEs:  (O)  side-chain/side-chain  SOEs. 


the  amide  proton  exchange  rates  measured  at  15°C.  These  data  are  summarized 
in  Fig.  1.  3Jhn-h«  and  3Jh0.h/j  coupling  constants  were  measured  on  DQFCOSY 
spectra  recorded  at  45°C  in  H20  and  D20,  respectively.  From  these,  the  values 
of  30  <t>-  and  12  xr  angles  were  estimated. 

Structures  of  charybdotoxin  were  derived  from  these  data  using  a  procedure 
combining  the  generation  of  initial  structures  with  the  program  DIANA  [8] 
and  refinement  by  simulated  annealing  (programm  X-PLOR  [9]).  A  set  of  25 
structures  was  first  computed  with  DIANA,  following  the  standard  procedure. 
The  12  best  structures  were  further  refined  using  X-PLOR.  The  simulated 
annealing  protocol  consisted  mainly  in  10  000  steps  of  dynamics  at  1000  K  followed 
by  a  slow  cooling  to  0  K  with  all  constraints.  40000  steps  of  dynamics  were 
performed  during  the  cooling  step.  All  the  final  structures  possess  an  energy 
value  smaller  than  -2500  kJmoH  and  present  no  distance  violation  greater  than 
0.1  A.  The  average  RMSD  for  the  12  structures  is  0.68  A. 

Eight  such  structures  are  superimposed  in  Fig.  2  (A  and  B).  Charybdotoxin 
is  mainly  composed  of  an  antiparallel  triple-strand  j8-sheet  (1-3,  26-29  and  32- 
35)  connected  to  an  a-helix  (1 1-19)  by  two  disulfide  bridges  and  to  an  extended 
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1 :  ZFT - NVSCTT - SKECWSVCQRL-HNTSRGKCMN - KKCRCYS 

2:  VKDGYIVDDV-NCTYFCGR-- NAYCHEECTKL--KGESGYCQWASPYGNACYCYKLPDHVRTKGPGRCH 
3:  KEGYLVKKSDGCKYGCLKLGENEGCDTECKAKNQGGSYGYCYA . FACWCEGLPESTPTYPLPNKSC 

l — l - 1 — cl - 1  cw»c  i _ l  s«c  I _ Lac  l 

Fig.  2.  Structure  of  charybdotoxin  and  comparison  between  charybdotoxin.  variant  3  and  toxin  II. 
A  and  B:  8  structures  of  charybdotoxin  have  been  superimposed  with  two  different  orientations.  Disulfide 
bridges  are  not  indicated  for  a  more  clear  presentation.  C:  The  common  motif  (see  text)  together 
with  the  position  of  the  conserved  glycine  and  the  six  half-cystines  are  in  bold.  D:  The  structures 
of  charybdotoxin.  toxin  II  of  androctonus  australis  Hector  and  variant  3  of  centruroides  sculpturatus 
Ewing  are  superimposed  to  show  (plain  line)  the  conservation  of  the  common  structural  motif.  The 
sequence  of  the  three  toxins  ( l:  charybdotoxin.  2:  toxin  II  and  3:  variant  3)  are  aligned  with  respect 
to  the  conserved  motif  (indicated  by  the  plain  boxes)  under  the  figure.  This  alignment  shows  that 
a  consensus  sequence  comprising  the  glycine  and  the  six  half-cystines  of  charybdotoxin  (bold  letters) 
may  be  defined. 


fragment  (4-7)  by  a  third  bridge.  The  three  disulfides  are  depicted  in  Fig.  2C. 
We  have  compared  the  solution  structure  of  charybdotoxin  to  the  crystallographic 
structures  of  the  Androctonus  australis  Hector  toxin  II  [  10]  and  of  the  Centruroides 
sculpturatus  Ewing  variant  3  [11].  These  are  long  scorpion  toxins  (65  residues, 
4  disulfides)  acting  on  Na+  channels.  They  present  poor  sequence  homology 
with  charybdotoxin.  The  superimposition  of  the  three  structures  (Fig.  2D)  shows 
that  a  common  structural  motif  can  be  defined.  This  motif  is  composed  by 
the  triple-strand  /3-sheet,  the  helix,  the  extended  fragment  and  the  3  disulfides. 
On  the  contrary,  structural  differences  exist  in  the  turns  and  loops.  The  average 
RMSD  calculated  for  this  motif  between  the  12  structures  of  charybdotoxin 
and  either  toxin  II  or  variant  3  is  1.2  A.  The  same  motif  may  be  found  in 
all  other  scorpion  toxins  for  which  a  secondary  or  tertiary  structure  has  been 
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Table  1  Comparison  of  the  sequences  of  scorpion  toxins  and  of  an  insect  defensin  with 
known  secondary  structural  elements0 
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J  The  sequences  of  the  toxins  have  been  aligned  with  respect  to  the  secondary  structure  elements 
(a  :  a  helix;  b:  /3-strand)  and  to  the  disulfide  bridge  positions.  The  consensus  sequence  found 
in  all  these  toxins  is  indicated  under  the  sequences.  AaH  IT  =  Androctonus  australis  Hector 
insectotoxin;  CsE  v3  =  Centruroides  sculpturatus  Ewing  variant  3;  AaH  II  =  Androctonus  australis 
Hector  toxin  II;  Be  M9  =  Buthus  eupeus  toxin  M9;  Lqh  Chtx  and  Ltx  I  =  Leiurus  quinquestriatus 
hebrxus  charybdotoxin  and  leiurotoxin  I;  Be  I5A  =  Buthus  eupeus  insectotoxin  I5A  .  Sapecin 
is  an  insect  defensin. 


reported  in  the  litterature  [12-15]  (Table  1).  This  motif  seems  therefore  to 
constitute  a  conserved  structural  core  in  scorpion  toxins,  irrespective  of  their 
size,  amino  acid  composition  and  function. 

As  shown  by  the  alignment  in  Table  1,  a  consensus  sequence  may  be  defined 
for  the  conserved  motif.  This  sequence  is  (numbering  the  residues  as  in 
charybdotoxin):  — Cys7 — Cys1  '-aa-aa-aa-Cys17 — Gly26-aa-Cys28 — Cys33-aa-Cys35 — 
The  conservation  of  this  sequence  appears  to  be  related  to  well-defined  con¬ 
formational  requirements.  Thus,  the  formation  of  the  two  disulfides  between 
the  helix  and  the  sheet  requires  that  the  side  chains  of  the  two  half-cystines 
on  the  helix  (13  and  17)  as  well  as  the  two  half-cystines  on  the  sheet  point 
in  the  same  direction.  This  is  provided  by  the  fact  that  the  two  half-cystines 
on  the  helix  are  spaced  by  three  residues  while  the  two  half-cystines  on  the 
sheet  are  separated  by  one  residue.  The  same  arrangement  of  half-cystines  between 
a  helix  and  a  /3-strand  has  been  found  in  other  structurally  and  functionally 
unrelated  polypeptides  [16].  On  the  other  hand,  the  conserved  position  of  the 
Gly  in  the  sheet  may  be  related  to  the  fact  that  its  Ha2  protons  (equivalent 
to  the  side  chain)  is  located  at  the  intersection  of  the  helix  and  the  sheet.  The 
consensus  sequence  found  in  all  scorpion  toxins  appears,  thus,  to  be  related 
to  the  conserved  motif  found  in  all  structures. 

Strikingly,  this  consensus  sequence  is  found  in  other  small  proteins.  This  is 
the  case,  in  particular,  of  insect  defensins  which  are  small  antibiotic  peptides 
produced  by  insects  in  response  to  body  injury  [17].  These  toxins  possess  the 
same  disulphide  pairings  as  charybdotoxin  [18].  Interestingly,  the  low-resolution 
structure  of  one  of  these  defensins,  i.e.  sapecin,  has  been  recently  reported  [19]. 
’n  this,  an  a  helix  is  found  which  is  connected  to  a  small  /3-sheet  by  two  disulfides. 
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Sequence  alignment  of  sapecin  and  charybdotoxin  with  respect  to  the  consensus 
sequence  (Table  1)  results  in  the  alignment  of  the  secondary  structure  elements. 
Insect  defensins  and  scorpion  toxins  appear,  thus,  to  be  structurally  related. 
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Introduction 

Proteins  often  aggregate  to  form  biologically  inactive  precipitates.  To  better 
understand  this  problem,  we  have  developed  a  mean-field  lattice  statistical 
mechanics  theory  for  the  equilibrium  between  native,  denatured,  and  aggregated 
states  of  proteins  and  other  random  copolymers  of  hydrophobic  and  hydrophilic 
monomers  in  aqueous  solution. 

Results  and  Discussion 

In  isolation,  a  protein  molecule  may  either  be  native  or  denatured  in  solution, 
or  it  may  be  aggregated  with  other  protein  molecules  (Fig.  1).  To  treat  the 
equilibrium  between  isolated  native  and  denatured  states  of  a  molecule,  we  have 
used  a  mean-field  lattice  model  described  previously  [  1 .2].  To  treat  the  equilibrium 
between  isolated  and  aggregated  molecules,  we  have  added  a  term  to  account 
for  the  translational  entropy  following  the  method  of  Post  and  Zimm  [3]  based 
on  the  Flory-Huggins  theory  [4],  and  have  calculated  the  aggregated  state  density 
in  similar  fashion  to  the  recent  work  of  Szleifer  [5]. 
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Fig.  2.  Heteropolvmer  (n— 120)  phase  diagram  of  temperature  (T)  versus  \l>  for  <f>  =  0.38.  0.39.  or 
0.40. 

Each  protein  chain  is  configured  on  a  lattice;  n  is  the  number  of  ‘lattice 
monomers’  i.e.  the  number  of  amino  acid  residues  divided  by  1.4  [  1  ].  The  chain 
is  taken  to  be  a  random  copolymer  of  two  types  of  monomers:  hydrophobic 
(A)  and  hydrophilic  (p ).  The  number  of  hydrophobic  residues  per  chain  is  n4>. 
We  assume  that  the  aggregated  state  is  favored  by  advantageous  association 
of  the  nonpolar  monomers  with  each  other  in  order  to  avoid  contact  with  the 
aqueous  solvent;  the  driving  force  is  the  contact  interaction  free  energy  (E). 
The  translational  entropy  of  mixing  (Smix)  favors  the  dispersion  of  polymer  in 
the  solvent  relative  to  the  aggregated  state.  In  addition,  the  protein  chain  may 
adopt  a  different  radius  of  gyration  in  the  aggregated  state  relative  to  the  denatured 
state,  since  it  v  111  be  in  a  solvent  of  a  different  character  in  the  two  different 
cases.  Hence  there  may  also  be  a  difference  in  conformational  entropy  (Sconf). 
Thus,  the  change  in  free  energy  for  the  aggregation  of  denatured  protein  molecules 
is 


AFg  =  AE$  -  T[ASd  (mix)  +  AS£  (con0J 


Explicit  development  of  the  free  energy  of  aggregation  has  been  described 
elsewhere  [6].  In  order  to  compute  the  phase  diagrams  for  aggregation,  we  have 
evaluated  the  change  in  chemical  potential  from  the  free  energy  of  aggregation, 
with  respect  to  both  solvent  and  protein  concentration.  Phase  diagrams  are 
generally  constructed  as  \  or  4>2x  versus  the  volume  fraction  of  protein  in  solution 
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(t/f),  where  \  is  the  binary  interaction  parameter  [4],  By  using  a  previously  derived 
relationship  [2]  for  the  functional  dependence  of  \  on  temperature,  thermal 
phase  diagrams  can  be  constructed  (Fig.  2).  The  theory  predicts  a  closed-loop 
phase  diagram  with  both  upper  and  lower  consolute  temperatures.  The  upper 
phase  boundary  arises  because  the  hydrophobic  interaction  is  weakened  at  high 
temperatures  relative  to  the  translational  entropy  which  favors  disaggregation. 
The  lower  phase  boundary  arises  because  the  hydrophobic  interaction  weakens 
even  more  than  the  loss  of  the  translational  entropy  as  the  temperature  is  lowered. 
Thus,  for  thermal  aggregation,  there  is  a  temperature  below  which  proteins  will 
be  soluble.  Varying  4>  from  0.38  to  0.39  or  0.40  shows  that  changing  the  nonpolar 
composition  by  only  a  few  percent  (a  few  monomers)  can  change  the  solubility 
of  a  protein  dramatically. 

At  sufficiently  low  protein  concentrations,  a  protein  molecule  participates  only 
in  the  folding  equilibrium  between  native  and  denatured  states.  At  sufficiently 
high  protein  concentration,  however,  precipitation  occurs.  The  lowest  protein 
concentration  at  which  this  occurs  is  the  solubility  limit.  The  solubility  limit, 
the  upper  and  lower  consolute  points,  and  the  other  points  on  the  phase  boundaries 
are  extremely  sensitive  to  the  length  and  nonpolar  composition  of  the  protein 
chain. 
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Introduction 

The  presence  of  extracellular  amyloid  plaque  is  characteristic  of  the  Alzheimer’s 
disease  (AD)  brain.  The  amyloid  consists  of  a  42  amino  acid  protein  known 
as  the  /?  protein,  in  refererence  to  the  fact  that  the  plaque  contains  regular 
cross-/?  fibrillar  structure  as  observed  by  X-ray  fiber  diffraction  [1],  The  widely 
accepted  model  of  this  structure  type  [2]  has  not  been  significantly  refined  and 
includes  no  molecular  detail  due  to  the  fact  that  proteins  of  this  type  are  extremely 
insoluble  and  do  not  form  single  crystals  of  the  type  required  for  crystallographic 
analysis.  We  discuss  herein  an  approach  to  the  determination  of  the  detailed 
structure  of  amyloid  based  on  two  novel  techniques,  an  FTIR  method  and  a 
ssNMR  method.  The  peptide  studied  is  a  synthetic  peptide,  the  sequence  of 
which  is  derived  from  the  C-terminus  of  the  /?  protein.  This  peptide  (/?34-42) 
has  been  shown  to  form  cross-/?  fibrils  which  are  extremely  resistant  to 
solubilization  [3].  We  propose  that  the  C-terminal  region  of  the  jS-protein  is 
responsible  for  the  initiation  of  amyloid  formation  in  vivo. 

h2n-daefrhdsgyevhhqklvffaedvgsnkgaiiglmvggvvia-co2h 


/S34-42 


Fig.  1.  Sequence  of  (he  fi  protein. 


FTIR:  Isotope-edited  dipole  coupling  analysis 

The  /334— 42  fibrillar  aggregate  had  an  IR  spectrum  which  was  typical  of 
antiparallel  /3-sheet  structure,  consistent  with  the  cross-/?  fibril  model.  No  other 
regular  secondary  structure  was  present  in  the  aggregate.  In  order  to  discern 
features  of  local  structure,  we  have  turned  to  specific  isotope  labelling.  Replace¬ 
ment  of  an  amide  carbonyl  carbon  with  l3C  is  expected  to  decrease  the  vibrational 
frequency  of  the  amide  I  mode  and  therefore  decrease  its  dipole  coupling  with 
other  amides  in  the  sheet.  Labelling  should  therefore  result  in  a  decrease  in 
the  overall  coupling  in  the  system  and  an  increase  in  the  frequency  of  the  l2C 
amide  I  band.  This  behavior  was  observed  for  isotopic  substitution  at  V36,  V39, 
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Fig.  2.  FTIR  of  ji34-42  and  analogs. 

and  V 40  [4],  However,  the  residues  at  the  terminii  of  the  peptide  and  those  in 
the  center  (Gly37  and  Gly38)  do  not  behave  in  this  manner.  This  inconsistency 
is  a  consequence  of  irregularities  in  the  peptide  conformation  and  is  not  compatible 
with  the  cross-#  fibril  model. 

The  logical  extension  of  this  approach  involves  the  specific  labelling  of  two 
carbonyls,  resulting  in  the  decoupling  of  these  from  the  remainder  of  the  sheet. 
The  two  labeled  dipoles  will  couple  strongly  with  each  other  and  the  magnitude 
of  the  coupling  will  reflect  the  distance  between  them  and  their  relative  orientation 
according  to  a  known  relationship.  We  have  calculated  the  magnitude  of  dipole 
coupling  for  carbonyl  pairs  in  several  secondary  structures  and  have  observed 
that  large  differences  should  be  expected  and  should  differentiate  closely  related 
structures  such  as  the  three  types  of  helices.  In  addition,  this  method  can  be 
used  in  conjunction  with  ssNMR  rotational  resonance  to  determine  protein 
structure  in  the  solid  state. 
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Solid-state  NMR:  Rotational  resonance 

This  technique  was  developed  in  the  laboratory  of  Prof.  Robert  Griffin  [5]. 
The  method  allows  the  determination  of  carbon-to-carbon  distances  in  the  /334- 
42  amyloid.  In  general,  two  types  of  distances  must  be  measured  in  order  to 
define  the  dihedral  angle  pair  for  each  amino  acid.  Two  distances  were 
accurately  measured  and  reveal  the  presence  of  an  unusual  structure,  probably 
involving  a  cis  amide  bond  between  Gly37  and  Gly38.  The  peptide  must  assume 
this  energetically  unfavorable  conformation  in  order  to  maximize  the  intermo- 
lecular  contacts  in  the  aggregate.  Future  studies  will  be  directed  at  the  deter¬ 
mination  of  the  complete  structure  of  the  monomer  and  the  elucidation  of  the 
forces  which  lead  to  the  formation  of  a  stable  aggregate. 
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Introduction 

Recent  evidence  indicates  that  protein  folding  in  vivo  is  facilitated  by  a  group 
of  factors  collectively  known  as  molecular  chaperones  [1],  The  functions  of 
chaperones  may  include  prevention  of  aggregation  of  nascent  chains,  avoidance 
of  incorrectly  folded  states,  prolongation  of  the  lifetime  of  incompletely  folded 
chains  to  enable  their  translocation  across  membranes,  and  enhancement  of 
assembly  of  oligomeric  proteins.  Molecular  chaperones  must  recognize  features 
present  in  incompletely  folded  polypeptide  chains,  and,  moreover,  they  act  on 
a  number  of  substrate  proteins,  indicating  that  they  have  broad  binding  specificity. 
Binding  and  release  of  substrates  by  most  chaperones  are  modulated  by 
nucleotides.  Virtually  nothing  is  known  about  the  structural  and  sequence  motifs 
recognized  by  chaperones  or  about  their  mechanism  of  action. 

We  have  been  exploring  the  nature  of  chaperone  recognition  of  polypeptides 
by  studies  of  peptide  binding  to  two  E.  coli  chaperones,  GroEL  and  DnaK. 
Both  of  these  chaperones  are  essential  proteins  and  are  induced  by  stress  or 
heat  shock  f  1  ].  GroEL  is  a  tetradecamer  of  60  kDa  subunits  with  eukaryotic 
homologs  that  are  found  in  mitochondria  and  chloroplasts.  In  conjunction  with 
its  co-cistronic  partner,  GroES,  and  ATP,  it  has  been  demonstrated  to  enhance 
the  yield  of  refolding  in  vitro  for  several  proteins  [2],  DnaK  is  a  member  of 
the  ubiquitous  70  kDa  class  of  chaperones  that  includes  the  eukaryotic  Hsp70 
(cytoplasm)  and  BiP  (endoplasmic  reticulum)  [1].  Its  ability  to  facilitate  refolding 
in  vitro  has  also  been  demonstrated  [3].  Using  one  and  two  dimensional  NMR 
and  transferred  nuclear  Overhauser  effects  (trNOEs),  we  have  previously  shown 
that  GroEL  preferentially  binds  a  peptide  (from  the  protein,  rhodanese)  that 
readily  forms  a-helix  and  that  the  conformation  of  the  bound  peptide  is  a- 
helical  [4],  In  the  present  study,  we  have  compared  the  interaction  of  a  peptide 
(vsv-C),  corresponding  to  a  sequence  from  the  vesicular  stomatitis  virus  G  pro¬ 
tein,  with  both  GroEL  and  DnaK.  The  13  residue  synthetic  peptide. 
KLIGVLSSLFRPK,  was  among  the  first  peptides  demonstrated  to  interact  with 
chaperones  [5],  Vsv-C  stimulates  the  ATPase  activity  of  eukaryotic  DnaK 
homologs,  BiP  and  hsc70,  and  was  recently  shown  to  stimulate  the  ATPase 
of  DnaK  itself  (R.  Jordan  and  R.  McMacken,  pers.  comm.). 
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Results  and  Discussion 


At  25°C  the  2-D  NOESY  spectrum  of  vsv-C  contains  few  crosspeaks  because 
this  combination  of  magnetic  field  (500  MHz)  and  the  short  correlation  time 
of  the  peptide  makes  dipolar  cross-relaxation  extremely  inefficient  (Fig.  la). 
In  the  presence  of  100  /iM  DnaK,  efficient  cross-relaxation  occurs  while  the 
peptide  is  bound  and  tumbling  slowly,  and  the  resulting  NOEs  are  transferred 
to  the  free  peptide  as  trNOEs  (Fig.  lb)  [6].  All  of  the  trNOEs  are  intraresidue 
or  between  residues  adjacent  in  the  sequence.  If  the  peptide  bound  to  DnaK 
were  in  an  a-helical  conformation,  we  would  expect  to  see  a  number  of  NH/ 
NHi+1  trNOEs;  however,  only  one  very  weak  NH/NH  trNOE  was  observed. 
The  absence  of  other  diagnostic  trNOEs  limits  our  ability  to  characterize  in 
more  detail  the  conformation  of  the  DnaK-bound  peptide,  except  to  say  it  is 
extended.  Although  extended  best  describes  the  average  conformation  of  the 
free  peptide,  the  pattern  of  trNOEs  differs  from  that  of  NOEs  in  the  free  peptide 
at  5°C  (data  not  shown),  indicating  that  the  bound  peptide  differs  from  the 
free  peptide  in  its  conformation,  intramolecular  motions,  or  both. 


a.  Peptide  only 


A 

jr? 

<0 

/ 

- 

b.  Peptide  ♦  Dnak 


Fig.  I.  NH  region  and  NH  to  side-chain  aliphatic  region  of  NOESY  spectra  of  the  peptide,  vjv- 
C,  in  40  mM  potassium  phosphate  buffer.  pH  6.1  at  25°C;  peptide  concentration  3  mM.  (a)  peptide 
only,  mixing  time  300  ms;  (b)  with  100  pM  DnaK.  mixing  time  300  ms;  (c)  with  25  pM  GroEL. 
in  80m  M  potassium  phosphate  buffer.  pH  6. 1,  mixing  time  150  ms. 
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By  contrast,  like  the  rhodanese  peptide  studied  previously,  the  vsv-C  peptide 
does  form  an  a-helix  while  bound  to  GroEL  (Fig.  lc).  NH/NH  trNOEs  extend 
over  most  of  the  sequence,  I3/G4,  GW5,  V5/L6,  L6/S7,  S8/L9,  and  F10/Rn. 
The  series  of  NH/NH  trNOEs  is  broken  only  where  overlapped  resonances  do 
not  permit  observation  of  the  corresponding  interactions.  A  trNOE  L6a/L9/3, 
which  is  highly  diagnostic  of  a-helix,  is  observed  as  well  (data  not  shown). 

These  results  demonstrate  that  the  same  peptide  sequence  can  bind  to  two 
different  molecular  chaperones,  as  clearly  indicated  by  the  observation  of  large 
transferred  NOEs  upon  addition  of  either  GroEL  or  DnaK  to  the  vsv-C  peptide. 
However,  the  conformation  of  the  peptide  is  distinct  in  its  two  binding  interactions. 
In  both  the  case  of  the  rhodanese  peptide  and  the  vsv-C  peptide,  we  have  now 
observed  that  GroEL  binds  the  peptides  in  an  a-helical  conformation.  We  found 
for  the  rhodanese  peptide  that  propensity  of  the  peptide  to  form  helix,  as 
monitored  by  helix  content  (by  CD)  upon  addition  of  trifluoroethanol,  correlated 
with  affinity  for  GroEL  [4].  The  vsv-C  peptide  alone  in  aqueous  solution  appears 
to  exist  in  an  ensemble  of  conformations  dominated  by  extended  forms,  but 
responds  to  addition  of  trifluoroethanol  by  taking  up  a-helix  (data  not  shown), 
and  it  adopts  an  a-helical  conformation  upon  binding  to  GroEL.  While  the 
DnaK-bound  conformation  of  this  peptide  is  less  well-defined,  it  is  clearly  not 
helical,  and  is  most  likely  extended.  Different  conformational  preferences  for 
the  two  chaperones  could  reflect  complementary  roles  in  vivo.  Indeed,  a  model 
has  been  postulated  that  describes  'hand-off  of  a  polypeptide  from  a  DnaK- 
type  chaperone  to  a  GroEL-type  chaperone,  whereupon  folding  to  the  native 
structure  takes  place  [7],  We  are  continuing  our  investigation  of  these  mechanistic 
possibilities  and  of  the  sequence  and  conformation  preferences  of  these  chaperones 
through  the  use  of  additional  model  peptides. 
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Introduction 

The  calcium-binding  muscle  protein  troponin-C  (TnC)  contains  four  calcium¬ 
binding  sites,  each  comprised  of  about  30  amino  acids.  In  the  absence  of  calcium, 
sites  III  and  IV,  located  in  the  C-terminal  domain  of  the  protein,  have  little 
regular  secondary  structure.  Upon  calcium  binding  this  domain  undergoes  a 
significant  conformational  change  to  form  a  pair  of  helix-loop-helix  calcium¬ 
binding  sites,  related  by  an  approximate  two-fold  rotational  symmetry  [1],  Our 
approach  to  study  this  conformational  change  has  been  to  use  the  synthetic 
peptide  analogs  Ac-A'°'Y»2  TnC  (93-126)  amide  (SCIII)  and  Ac-TnC  (129-162) 
amide  (SCIV)  which  encompass  sites  III  and  IV  respectively. 

93  100  105  110  115  120  125 

Ac-KSEEELANAFRI  FDKNADGYID  IEELGEILRATG-amide  SCIII 

129  135  140  145  150  155  1M) 

Ac-VTEEDIEDLMKDSDKNNDGRIDFDEFLKMMEGVQ-amide  SCIV 

Previously  we  have  demonstrated  that  similar  34-residue  peptides  are  able 
to  bind  calcium  with  high  affinity  [2],  In  the  case  of  SCIII  we  have  shown, 
using  high  resolution  ‘H  NMR  techniques  that  this  peptide  undergoes  a  calcium- 
induced  conformational  change  and  a  further  peptide  association  to  form  a 
symmetric  dimer  [3],  comprised  of  two  helix-loop-helix  peptide  units  as  found 
in  troponin-C  and  other  calcium-binding  proteins.  In  this  work  we  have  studied 
the  calcium  induced  conformational  changes  in  an  equimolar  mixture  of  SCIII 
and  SCIV  and  show  that  these  peptides  form  a  stoichiometric  heterodimer  which 
exactly  mimics  the  folding  of  the  C-terminal  domain  of  troponin-C. 

Results  and  Discussion 

Three  peptide  solutions  comprised  of  calcium-free  SCIII,  SCIV  and  an 
equimolar  mixture  of  SCIII  and  SCIV  were  prepared  in  D20  (50  mM  KC1, 
30  mM  imidazole,  pH  7.3),  and  analyzed  by  500  MHz  >H  NMR  spectroscopy. 
The  aromatic  regions  of  the  'H  NMR  spectra  of  apo-SCIII  and  apo-SCIV  (Fig. 
1  A,  B)  are  quite  similar  as  there  is  little  chemical  shift  dispersion  of  the  resonances; 
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Fig.  1.  Portions  of  500  MHz  'H  NMR  spectra  showing  the  aromatic  regions  of  (A)  apo-SCIII:  (B) 
apo-SCIV;  (C)  apo-SCin/SCIV  and  (D)  SCIII/SCIV  plus  calcium. 

even  Y'12  in  SCIII  (66.80,  7.05  ppm)  is  near  its  random  coil  position.  The  two 
phenylalanine  residues  in  SCIII  (F102,  F105)  and  two  in  SCIV  (Fm,  F154)  each 
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Table  1  Selected  chemical  shift  data  for  calcium-saturated  SC1II/SC1V  and  TR,C 


SCIII/SCIV* 

TRjCb 

TRjC 

pi02 

8  CH 

6.39 

6.42 

6.47 

t  CH 

6.92 

6.96 

6.95 

{  CH 

7.17 

7.19 

7.25 

pi51 

8  CH 

6.58 

6.54 

6.59 

f  CH 

7.19 

7.19 

7.18 

{  CH 

7.29 

7.07 

7.33 

YH2 

8  CH 

6.74 

6.87 

6.76 

<  CH 

6.84 

6.91 

6.86 

pi  54 

8  CH 

7.07 

7.08 

_ 

t  CH 

7.48 

7.45 

- 

£  CH 

7.31 

7.25 

- 

yii2 

a  CH 

5.28 

5.28 

5.29 

I"3 

a  CH 

5.03 

5.15 

5.05 

D"4 

a  CH 

4.91 

5.43 

4.47 

RI48 

a  CH 

4.70 

5.39 

4.72 

1 149 

a  CH 

5.32 

5.28 

5.39 

DI50 

a  CH 

5.22 

5.15 

- 

*  50  mM  KC1,  pH  7  3,  30°C. 
b  Ref.  [51,  pH  7.3,  32°C. 
c  Ref.  [6],  200  mM  KCI.  pH  7.5.  40°C. 


form  complex  multiplets  centered  at  7.30  ppm.  These  observations  are  consistent 
with  the  two  peptides  adopting  ‘random  coil’  conformations  in  solution  in  the 
absence  of  calcium. 

The  ‘H  NMR  spectrum  ofapo-SCIII/SCIV  (Fig.  I C)  is  comprised  of  resonances 
found  in  both  the  apo-SCIII  and  apo-SCIV  spectra,  and  close  examination  of 
the  aromatic  region  of  the  ‘H  spectrum  of  apo-SCIII/SCIV  reveals  that  it  is 
a  composite  of  the  individual  apo-SCIII  and  apo-SCIV  spectra  (Figs.  1A  and 
IB,  respectively).  This  suggests  that  in  the  apo-SCIII/SCIV  peptide  mixture  the 
two  individual  peptides,  SCIII  and  SCIV,  also  remain  unstructured.  Further, 
since  there  is  no  shifting  of  resonances  or  line  broadening  in  the  SCIII/SCIV 
spectrum  this  suggests  that  these  two  peptides  have  no  significant  interaction 
with  each  other  in  solution  in  the  absence  of  calcium. 

Upon  addition  of  calcium  to  the  SCIII/SCIV  peptide  solution  dramatic  shifting 
of  resonances  from  their  positions  in  the  apo-peptides  and  marked  broadening 
of  the  resonances  occurs  (Fig.  1 D).  These  observations  are  consistent  with  calcium¬ 
binding  by  the  peptides  and  significant  conformational  changes  in  each.  Using 
two  dimensional  >H  NMR  techniques  we  have  completely  assigned  this  spectrum 
and  compared  these  assignments  with  those  of  calcium-saturated  SCIII  and  a 
tryptic  fragment  from  troponin-C  (TR2C)  containing  calcium-binding  sites  III 
and  IV  [4,5],  The  assignments  shown  in  Fig.  ID  indicate  that  the  clearest  resolved 
resonances  arise  from  F>°2  6CH,  F»'  5CH,  Y"*  5,  tCH,  F>°2  eCH,  F154  SCH 
and  F154  eCH.  Comparison  of  this  spectrum  with  that  of  calcium-saturated  SCIII 
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[3,4]  reveals  there  is  little  similarity  between  the  two.  Further,  in  the  >H  NMR 
spectrum  shown  (Fig.  ID)  and  in  more  detailed  two-dimensional  experiments 
there  is  no  evidence  for  the  SCIII/SCIII  homodimer  in  this  solution.  However 
a  comparison  of  chemical  shifts  for  calcium-saturated  SCIII/SCIV  with  those 
for  calcium-saturated  TR:C  reveals  some  remarkable  similarities,  Table  1.  Based 
on  this  evidence  we  suggest  that  the  addition  of  calcium  to  the  SCIII/SCIV 
peptide  solution  induces  a  conformational  change  in  these  peptides  and  their 
specific  association  to  form  a  heterodimer  similar  to  the  C-terminal  domain 
of  troponin-C. 
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Molecular  structure  of  Cbz-Ala-Val-Ser(tBu)-Gly-Pro- 
Phe-tBu:  A  linear  hexapeptide  containing  an  inverse  7-turn 
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SmithKline  Beecham  Pharmaceuticals.  Department  of  Physical  and  Structural  Chemistry. 
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Introduction 

A  classical  7-turn  (0,  0  =  75,  -65°)  or  inverse  7-turn  (0,  0  =  -75,  65°)  involves 
three  consecutive  residues  and  causes  a  peptide  chain  to  fold  back  on  itself, 
resulting  in  the  formation  of  a  7-membered  ring  (Fig.  1).  Further,  these  turns 
are  usually  characterized  by  a  bent,  relatively  weak  3  —  1  H-bond  and  often 
a  second  linear,  relatively  strong  1  —  3  H-bond  [1-4].  /3  and  7-turns,  which 
give  rise  to  a  folded  conformation,  have  long  been  recognized  as  major 
components  of  protein  secondary  structure.  Classical  7-turns  are  often  observed 
occuring  at  the  loop  ends  of  /3-hairpins,  defined  as  strands  of  antiparallel  p 
sheet.  In  contrast,  inverse  7-turns,  usually  as  consecutive  turns,  are  generally 
found  in  the  middle  of  /3  sheet  strands,  giving  rise  to  an  overall  2.2rhelical 
structure  [2], 

Results  and  Discussion 

Although  7-turns  often  occur  in  proteins  and  cyclic  peptides,  this  confor¬ 
mational  feature  is  rarely  observed  for  linear  peptides.  The  first  observation 
of  an  inverse  7-turn  in  a  linear  peptide  was  made  in  the  reduced  backbone 
peptides,  t-Boc-Pro0[CH2NH]Leu-Gly-NH2  and  Z-Pro0[CH2NH]Leu-Gly-NH2 
[5].  The  molecular  structure  of  Cbz-Ala-Val-Ser(tBu)-Gly-Pro-Phe-tBu  [6]  (Fig. 
2)  displays  an  inverse  7-turn  at  proline  (0,  0  =  -83.8(9),  64.9(9)°),  the  first  example 
of  such  a  turn  in  an  unmodified  peptide.  The  peptide  conformation  leading 


Fig •  /• 


y-Turn  and  associated  hydrogen  bonds. 


213 


J.A.  Krause  and  D.S.  Eggleston 


Fig  2.  Stereo  ORTEP  drawing  of  Cbz-Ala-Val-Ser(tBu)-Gly-Pro-Phe-tBu.  The  intramolecular  H- 
bonding  of  the  inverse  y-turn  is  indicated  by  a  thin  line. 


up  to  the  inverse  7-turn  may  be  described  as  an  antiparallel  /?  sheet  (Table 
1)  until  the  glycyl  residue  where  the  <j>,  1 It  angles  reverse  sign  but  the  extended 
structure  is  maintained.  After  the  inverse  7-turn,  the  antiparallel  /J  sheet 
conformation  is  repeated.  A  rather  strong,  bent  intramolecular  H-bond  (Fig. 
2,  Table  2)  occurs  between  the  phenylalanine  donor  and  the  glycine  acceptor 
(N-H-“0  =  2.795(8)A  and  140°).  A  second  hydrogen  bond  between  the  glycine 


Table  1  Principal  torsion  angles  (deg) 


Residue 

t O 

<t> 

>lt 

Cbz 

-179.9(8) 

Ala 

173.2(7) 

-130.1(9) 

162.1(8) 

Val 

-179.4(6) 

- 1 35.6(8) 

129.5(7) 

Ser 

173.9(7) 

-140.3(7) 

144.7(7) 

Glv 

-175.6(7) 

123.3(8) 

-176.9(7) 

Pro 

178.3(8) 

-83.8(9) 

64.9(9) 

Phe 

174.6(9) 

-152.4(9) 

142.6(9) 

Table  2  Hydrogen  bonding  interactions 


Distance,  A 

Angle,  deg 

Symm.  Op. 11 

NI0-H8  021 

2.91(1) 

166 

3,00  2 

H8  021 

1.87 

NI3-H10  018 

2.918(8) 

156 

3,-1  0  2 

H10  021 

1.99 

N16-HI2  015 

2.854(8) 

158 

3,002 

H12  015 

1.97 

N19-H14  012 

2.893(9) 

159 

3,-1  0  2 

H14  012 

1.92 

N28-H24  -  021 

2.795(8) 

140 

1,000 

H24  021 

1.94 

4  Translations  are  along  x,  y  and  z,  respectively  with  the  symmetry  operators  defined  as: 
1:  x,  y,  z;  3:  I/2  +  x,  1/2-y,  -z 
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Fig.  3.  Stereo  unit  cell  drawing  of  Cbz-Ala-Fal-Ser(tBu)-Gly-Pro-Phe-tBu.  Intermodular  H-bonding 
indicated  by  thin  lines.  The  a-axis  runs  horizontally  while  the  c-axis  runs  vertically. 

donor  and  phenylalanine  acceptor  (a  putative  1  —  3  H-bond)  is  not  observed, 
presumably  due  to  the  inversion  of  the  antiparallel  /3  sheet.  All  peptide  bonds 
in  the  structure  are  trans  and  virtually  undistorted.  In  contrast,  the  ‘peptide 
bonds’  in  t-Boc-Proi/r[CH2NH]Leu-Gly-NH2  and  7-Proi/r[CH2NH]Leu-Gly-NH2 
are  distorted  particularly  at  the  site  of  the  inverse  7-turn  (to,  =-157°  and  -161°, 
respectively)  [5]. 

The  Val  residue  adopts  the  energetically  favorable  tg-  (xu,  x1-2^  174.7(7), 
-58(1)°)  conformation  [7],  The  Ser  residue,  on  the  other  hand,  adopts  the  less 
common  g~t  (x1,  x2  =  -73.2(8),  144.4(7)°)  conformation,  perhaps  being  influenced 
by  the  /-butyl  substitution.  The  Phe  residue  also  adopts  the  less  common  t 
conformation  (x1  ~  179.3(8)°).  The  aromatic  ring  is  twisted  away  (x2J ,  x2-2  ~  70(1), 
-1 14(1)°)  from  the  energetically  favorable  perpendicular  orientation  (x2  =  ±90°). 
The  pyrrolidine  ring  adopts  the  C2-Cy-endo  conformation  (0  =  -ll(l)°,  x'  = 
-30(1)°,  x2  =  -38(l)°,  x3  =  31(l)°,  x4  =  -12(l)°). 

The  intermolecular  H-bonding  (Fig.  3,  Table  2)  is  consistent  with  the  anti- 
parallel  P  sheet  structure  [8].  The  H-bonds  are  perpendicular  to  the  strands 
and  show  the  typical  alternating  closely-spaced  and  widely-spaced  bond  pattern. 
In  addition,  the  side  chains  alternate  above  and  below  the  plane  of  the  sheet. 

Crystal  Data 

C43H62N6O10,  Mr  =  823.01,  a  =  9.503(3)A,  b  =  12.278(1)A,  c  =  40.049(3)A, 
V  =  4672.8A\  Z  =  4,  T  =  240.5K,  final  R  (on  F)  =  0.072,  S  =  1.581  for  2549 
observed  reflections  with  I>2a(I). 
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Introduction 

Much  has  been  learned  regarding  the  conformational  stability  of  proteins, 
particularly  proteases  [1].  However,  little  is  known  about  protein  growth  factors 
and  hormones  which  differ  in  their  modes  of  biological  function.  These  protein 
hormones  bind  to  specific  receptors  and  the  relationship  between  structural 
alterations  leading  to  different  conformational  stability  and  biological  activity 
has  seldomly  been  addressed.  For  such  a  purpose,  the  50-residue  human 
transforming  growth  factor  type  a  (TGFa)  is  a  particularly  suitable  model  [2]. 
Our  previous  studies  using  an  alanine  scan  have  shown  that  none  of  the  His 
residues  are  involved  in  the  receptor-contact  functions.  To  delineate  the  roles 
of  aromatic,  hydrogen  donor  or  acceptor  contribution  of  each  imidazoyl  side 
chain  in  the  conformational  stability,  each  histidine  was  substituted  individually 
by  Phe,  Asn  and  Asp.  Their  conformational  stability  was  determined  from  thermal 
unfolding  by  CD. 

Results  and  Discussion 

Fifteen  point-substituted  analogs  were  synthesized  by  SPPS  using  Boc-benzyl 
protecting  group  strategy.  The  crude  peptide  analogs  were  folded  and  their 
sulfhydryls  oxidized  to  the  three  disulfide-bonded  structures  [3].  They  were 
purified  by  C,8  RPHPLC.  Each  analog  was  characterized  by  MS  and  AAA. 
The  biological  activities  of  these  analogs  were  determined  by  the  competitive 
radio-receptor  and  mitogenic  assays.  As  expected  His  played  an  important  role 
in  aromatic-aromatic  interactions.  Replacement  with  Asp  produced  the  largest 
change  in  biological  activity  and  Phe  the  least.  There  is  also  a  correlation  between 
receptor-binding  ability  and  mitogenicity  in  the  Asp-  and  Asn-substituted  analogs. 
The  backbone  conformation  of  TGFa  and  its  analogs  were  determined  by  UV- 
CD  in  both  90%  TFE  and  buffered  solution  at  pH  7.  Because  of  the  overall 
similarity  of  conformation,  thermal  unfolding  is  an  appropriate  method  for 
comparing  conformational  stability  of  the  point-substituted  analogs.  All  melting 
curves  were  found  to  be  monophasic  and  a  two-state  unfolding  mechanism  was 
used  to  obtain  the  thermodynamic  parameters  directly  from  the  melting  curves 
[4],  In  general,  there  is  a  strong  correlation  between  conformational  stability 
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and  biological  activity.  TGFa  has  a  Tm  of  78°C.  Asn35  and  Phe35  are  the  two 
analogs  that  have  the  highest  Tm  (81°C  and  78°C  respectively)  and  have  positive 
values  of  AAG(25°C)  (0.6  and  2.2  kcal/mol).  These  two  analogs  also  have  a 
potency  similar  to  that  of  TGFa. 


Table  1  Results  from  thermal  unfolding  curves  of  TGFa  and  its  analogs 


Analog 

ATm4 

A(AG)» 

Analog 

AT  d 

—*  1  m 

A(AG  )b 

TGFa 

78 

Asn4 

71.7 

-1.0 

Asp" 

70.7 

-1.7 

Phe4 

76.0 

-0.2 

Asn" 

81.0 

0.6 

Asn1-’ 

72.6 

-0.9 

Phe" 

78.0 

Phe'-’ 

76.6 

-1.2 

Asp4' 

64.0 

-1.6 

Asn1* 

74.4 

-0.8 

Asn4' 

67.7 

-1.2 

Phe"1 

75.6 

-1.1 

Phe4' 

73.0 

-1.2 

4  Midpoint  of  thermal  unfolding  curve  in  4C. 

b  A(AG)  =  [A(Tm)]x  ASm  =  (A(Tm)]x(AHm/Tm),  where  ASm  and  AHm  are  values  for  TGFa.  The 
unit  is  kcal/mol  at  25°C. 


In  contrast,  Asn45  and  Asp45  are  two  analogs  showing  the  lowest  biological 
potency  and  the  lowest  melting  points  (Tm  67.7°C  and  64°C,  respectively).  They 
have  negative  AAG(25°C)  (-1.2  and  -1.6  kcal/mol)  (Table  1).  We  conclude  that 
there  appears  to  be  a  correlation  between  the  most  stable  conformation  and 
the  highest  biological  potency. 


References 


1.  Bowie.  J.  U..  Reidhaar-Olson.  J.  F..  Lim.  W.  A.,  and  Sauer.  R.T..  Science.  247(1990)1306. 

2.  De  Larco,  J.  E..  and  Todaro.  G.  J..  Proc.  Natl.  Acad.  Sci.  U.S.A..  75 ( 1978)4001. 

3.  Tam.  J.P.,  Heath.  W.F..  and  Merrifield.  R.  B..  J.  Am.  Chcm.  Soc..  108(1986)5242. 

4.  Pace.  C.  N.,  Shirley,  B.  A.,  and  Thomson.  J.  A..  In  Creighton,  T.  E.  (Ed.)  Protein  Structure: 
A  Practical  Approach,  IRL  Press,  1989.  pp.  3!  1-330. 


218 


Synthesis  and  biological  activity  of  cyclopropane 

TRH  analogs 


V.P.  Srivastava,  C.  Mapelli*,  W.B.  Iturrian,  E.W.  Taylor  and  C.H.  Stammer 

Department  of  Chemistry  and  College  of  Pharmacy,  University  of  Georgia, 
Athens.  GA  30602.  U.S.A. 


Introduction 

Thyrotropin-releasing  hormone  (TRH,  pGlu-His-Pro-NH2)  is  not  only  essential 
for  maintaining  thyrotropin  (TSH)  secretion,  but  also  mediates  diverse  responses 
in  the  peripheral  and  central  nervous  systems  [1].  Proton  and  l3C  NMR  studies 
of  TRH  have  shown  the  His-Pro  amide  bond  to  be  conformationally  hetero¬ 
geneous;  i.e.,  15-20%  in  the  s-cis  conformation  [2].  However,  2,4-MePro, 
incorporated  earlier  into  TRH  in  our  laboratories,  favored  exclusively  the  s- 
trans  His-2,4-MePro  amide  conformation  [3]  in  polar  solvents.  On  the  other 
hand,  molecular  modeling  and  2D  NMR  studies  of  Asp-2, 3-MePro-OPr,  also 
prepared  bv  us,  showed  the  pre-2,3-MePro  amide  to  favor  the  s-cis  conformation 
[4]. 

Hoping  to  achieve  both  enzymatic  stability  and  dissociation  of  hormonal  from 
CNS  activity  by  conformationai  restriction,  we  incorporated  1 -amino-cyclopro¬ 
pane  carboxylic  acid  (Acc)  and  both  enantiomers  of  2,3-MePro  at  the  C-terminus 
of  TRH.  The  former  residue  shows  free  rotation  at  the  4>  angle,  while  the  latter 
is  essentially  fixed  at  this  site.  We  also  prepared  peptides  containing  leucine 
-  sterically  similar  to  histidine  but  lacking  its  side-chain  aromaticity  -  at  the 
2-pos:don  and  both  enantiomers  of  2,3-MePio  at  the  C-terminus  for  confor¬ 
mational  and  biological  comparisons. 

The  preferred  conformations  of  TRH  and  the  synthetic  analogs  were  studied 
in  the  context  of  the  ‘comparative  conformation-activity  relationships’  established 
for  TRH  analogs  by  Robson  and  collaborators  [5].  These  investigators  described 
several  distinct  ‘families’  of  TRH  conformers  characterized  as  ‘propeller’  (P), 
‘cup’  (C),  and  ‘Y,  2’,  ‘Y2-3’  or  ‘Y,  3’,  where  the  subscripts  refer  to  the  three  residue 
positions  in  the  tripeptide  (l=pGlu,  2  =  His,  3  =  Pro)  and  define  which  two 
groups  are  spatially  close  for  a  given  ‘Y’  conformation.  In  brief,  it  was  suggested 
that  analogs  with  a  preference  for  propeller  conformations  were  associated  with 
pituitary  activity  (TSH  release),  whereas  a  preference  for  the  Y2  3  (and  possibly 
Y,  ,)  conformation  was  associated  with  various  CNS  activities.  Y|  2  conformers 
were  reported  to  be  disfavored  for  TP  I  and  most  of  its  analogs,  and  no  correlation 
was  reported  between  the  cup  conformation  and  biological  activity. 


*  Present  address:  Department  of  Chemistry,  Bristol-Myers,  Squibb  Company,  Princeton.  NJ  08540. 
L'.S.A. 
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Fig.  I.  Stereodiagram  of  a  'C‘  class  conformer  of  [  Acc}  [TRH. 

Molecular  modeling  methods  Low  energy  conformers  of  TRH  and  its  analogs 
were  found  by  systematic  search  of  torsional  space  using  the  SYBYL  5.4  program. 
The  neutral  N-e  tautomer  of  histidine  was  used  in  all  cases,  since  this  has  been 
shown  to  predominate  in  aqueous  solution  at  physiological  pH.  A  distance- 
dependent  dielectric  constant  (equal  to  4  times  the  interatomic  distance  in  A) 
was  used  to  simulate  solution  conditions.  For  each  analog,  out  of  approximately 
106  conformations  examined,  those  within  3  Kcal/mole  of  the  global  minimum 
energy  were  determined. 

Biological  activity  A  broad  battery  of  pharmacological  assays  were  conducted 
in  an  attempt  to  segregate  TRH  neural,  endocrine  and  immune  cell  effects  among 
the  analogs.  TRH  and  analogs  were  inactive  in  the  immune  mitogen  assays. 
The  analogs  were  inactive  or  had  weak  biphasic  effects  on  growth  hormone 
and  prolactin  release.  TRH  shortens  the  duration  of  ethanol  induced  narcosis. 
The  [Acc3]TRH  was  more  active  and  also  demonstrated  antagonism  to  alcohol 
activity  in  the  electrically  stimulated  guinea  pig  ileum  (GPI)  and  mouse  vas 
deferens  (MVD).  The  paired  electroshock  test  was  used  as  a  model  to  test  for 


Fig.  2.  Stereodiagram  of  a  T, class  conformer  of  [VPro  'JTRH( cis). 


Peptide  and  protein  conformation 


Table  1  Conformational  preferences  ofTRH  analogs 


Analogs 

Propellor(P) 

Cup(C) 

Yu 

Y2.3 

Yu 

TRH,  Neutral  («) 

0.01 

0.7 

1.1 

1.65 

VPro3-TRH(trans) 

1.75 

1.71 

0.0 

VPro3-TRH(cis) 

0.7 

>3.0 

0.0 

Acc3-TRH 

3.1 

0.0 

3.0 

2.0 

3.0 

Leu2-TRH 

0.0 

>3.0 

0.21 

0.45 

>3.0 

1  ‘0’  refers  to  the  'owest  energy  conformer  and  other  values  are  relative  energy. 


activity  against  spinal  shock  [6].  Seizure  and  dystonia  were  studied  in  the  sz 
hamster  [7]  and  dt  mutant  hamster  [8].  Although  TRH  was  useful  in  both  seizure 
tests,  the  analogs  were  not.  These  profiles  suggest  that  the  various  actions  of 
TRH  can  be  modified  by  structural  modification  since  almost  all  analogs  were 
active  in  increasing  locomotor  activity  of  mice. 

Results  and  Discussion 

The  findings  reported  here  are  consistent  with  the  results  of  Robson  et  al., 
outlined  in  the  introduction.  We  find  several  of  the  generally  inactive  TRH 
analogs  (where  Pro  has  been  replaced  by  Acc  or  2,3-MePro)  to  show  distinct 
preferences  for  cup  conformations  (Acc  analog,  Fig.  1)  or  the  apparently  atypical 
‘Y12’  conformation  (2,3-MePro  analogs)  (Fig.  2  and  Table  1),  suggesting  a  basis 
for  their  lack  of  both  hormonal  and  CNS  activity.  In  addition,  in  analogs 
containing  2,3-MePro,  both  cis  and  trans  pre-proline  amide  conformations  were 
equally  favored,  whereas  for  TRH  the  trans  pre-proline  conformation  was 
predominate  by  a  4 :  1  ratio. 

In  contrast,  for  the  pGlu-Leu-Pro-NH2  analog  the  ‘P\  4Y|2’  and  ‘Y2jT 
conformations  (Fig.  3  and  Table  1)  are  about  equally  accessible,  but  the  ‘C’ 
conformation  is  disfavored.  Thus,  its  inactivity  must  be  interpreted  to  mean 
that  the  proton  or  H-bond  donor/acceptor  properties  of  histidine  are  important 
for  activity,  since  [Leu2]TRH  analog  can  readily  access  the  ‘active’  conformations 
suggested  for  TRH.  Almost  all  the  analogs  (except  [Acc3]TRH)  stimulate 
locomotor  activity,  despite  inactivity  in  most  other  areas.  It  is  possible 


Fig.  3.  Stereodiagram  of  a  'P'  class  conformer  of  [Leu2JTRH. 
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that  this  locomotor  activity  is  related  to  the  unusual  kY|  2’  conformation,  which 
is  accessible  to  all  the  compounds  in  the  Table  except  the  Acc  analog,  which 
is  almost  totally  restricted  to  a  cup  conformation.  Since  the  single  major  activity 
of  compound,  [Acc3]TRH  was  ethanol  antagonism,  where  it  was  much  more 
effective  than  TRH,  it  is  possible  that  the  ‘C’  conformation  is  involved  in  mediation 
of  this  effect. 
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Introduction 

The  magainin  family  of  membrane-active,  ionophoric  peptides,  originally 
isolated  from  the  skin  of  Xenopus  laevis,  exhibits  broad-spectrum  antimicrobial 
activity  [1,2].  Members  of  this  peptide  family  which  include  magainins  1  and 
2,  PGLa,  caerulein  precursor  fragment  (CPF)  and  xenopsin  precursor  fragment 
(XPF)  share  negligible  amino  acid  sequence  identity,  yet  all  are  capable  of 
adopting  amphipathic,  a-helical  secondary  structure  within  membranes  [3-5]. 
The  peptides  are  initially  synthesized  as  large  polypeptide  precursors  which  require 
several  proteolytic  events  in  the  liberation  of  the  mature  bioactive  peptides.  Mass 
spectroscopic  analyses  of  Xenopus  skin  peptides  have  revealed  that  the  anti¬ 
microbial  peptides  are  further  hydrolyzed  in  vivo  at  a  specific  internal  peptide 
bond,  generating  inactive  half-peptide  products  [6,7]. 

Results  and  Discussion 

The  endopeptidase  responsible  for  hydrolyzing  each  magainin  peptide  into  two 
half-peptide  products  was  purified  to  homogeneity  from  Xenopus  skin  extracts. 
A  final  fold  purification  of  one  hundred  suggests  that  this  endopeptidase  is 
quite  abundant  in  Xenopus  skin. 

The  endopeptidase  was  found  to  have  a  molecular  mass  of  approximately 
110  kDa,  and  inhibition  of  activity  by  EDTA  and  phenanthroline  indicates  it 
is  a  metalloprotease.  Microsequencing  of  an  internal  fragment  of  the  purified 
enzyme  generated  by  V8  digestion  yielded  a  partial  sequence  of  Met-Asn-Pro- 
X-Gln-Met-Leu-Phe-Ala.  RPHPLC  and  AAA  of  the  reaction  products  following 
incubation  of  each  natural  peptide  substrate  with  purified  enzyme  demonstrated 
that  the  endopeptidase  is  specific  for  a  single  X-Lys  peptide  bond  within  each 
substrate.  Table  1  lists  the  peptide  sequence  of  each  substrate  tested  and  its 
corresponding  cleavage  site  (denoted  by  a  space  below  the  arrowhead). 

Synthetic  magainin  analogs  were  tested  as  substrates  against  magaininase  in 
order  to  investigate  the  parameters  governing  substrate  specificity.  Endopro- 
teolysis  of  amino-  and  carboxyl-terminal  truncation  analogs,  as  well  as  single 
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Table  1  The  magainin  peptides:  Sequences  and  cleavage  sites  recognized  by  magaininase 


£ 

GIGKFLHSAK  KFGKAFVGEIMNS  magainin  2 

GFASFLGKAL  KAALKIGANLLGGTPQQ  CPF 

GMASKAGAIAG  KIAKVALKAL  PGLa 

GWASKIGQTLG  KIAKVGLKELIQPK  XPF 


residue  omission  analogs,  demonstrated  that  the  enzyme  recognizes  a  12  residue 
determinant  present  within  the  amino-terminal  half  of  magainin  2.  Examina¬ 
tion  of  the  peptide  substrates  modelled  as  a-helices  reveals  a  shared  structural 
motif,  and  single  residue  glutamate  substitution  analogs  were  employed  to  test 
the  significance  of  the  amphipathic  nature  of  the  helix.  The  results  demonstrated 
the  requirement  of  a  hydrophobic  face  opposite  the  site  of  hydrolysis.  Peptide 
analogs  designed  to  investigate  the  role  of  amino  acids  at  the  scissile  bond  revealed 
the  necessity  of  a  basic  charged  residue  at  the  PI'  position.  All  amino  acid 
substitutions  tested  at  the  PI  position  supported  cleavage  with  the  exception 
of  proline. 

Purification  and  characterization  of  this  novel  endopeptidase  from  Xenopus 
skin,  has  confirmed  its  specificity  against  a  family  of  peptides  with  different 
primary  amino  acid  sequences.  We  conclude  from  our  studies  utilizing  synthetic 
peptide  analogs  that  the  basis  of  this  specificity  is  a  shared  secondary  structural 
motif.  The  capability  of  the  magainin  family  of  antimicrobial  peptides  to  adopt 
amphipathic,  a-helices  appears  to  be  the  critical  determinant  governing  their 
susceptibility  to  proteolysis  and  inactivation  by  magaininase. 
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Introduction 

Bombesin  (BN)  is  a  peptide  neurotransmitter  with  mitogenic  and  secretory 
activities  in  the  respiratory,  central  nervous  system,  and  gastrointestinal  tissues 
[1].  The  biological  activities  of  BN  are  known  to  be  mediated  through  a  trans- 
membrane  G  protein-coupled  receptor  [2],  Therefore,  selective  antagonists  of 
the  BN  receptor  are  potential  drugs  for  the  treatment  of  diseases  involving 
mitogenic  and  secretory  disorders  such  as  small  cell  lung  carcinoma  and  peptic 
ulcer.  The  nonapeptide  <EQWAVGHF$[CH2S]L#.  peptide  1,  is  a  potent 
antagonist  of  the  BN  receptor  (IC50  =  3  nM)  [3],  This  pseudopeptide  demonstrates 
significant  conformational  averaging  in  aqueous  environments.  However,  in  a 
micellar  environment  1  assumes  a  single  predominant  conformation  as  determined 
by  2D  NMR  and  restrained  molecular  dynamics. 

Results  and  Discussion 

All  NMR  data  used  for  structure  calculation  were  acquired  in  50  mM  potas¬ 
sium  phosphate,  pH  3.0,  using  6.5  mM  peptide  1  in  the  presence  of  240  mM 
dodecylphosphocholine-d3g.  However,  since  TOCSY  spectra  and  CD  spectra  were 
similar  at  pH  3.0  and  pH  6.0,  the  peptide  conformations  at  this  pH  interval 
should  be  directly  comparable.  The  'H  NMR  spectrum  of  1  was  fully  assigned 
by  analysis  of  DQF-COSY,  TOCSY,  and  NOESY  spectra.  The  observation  of 
strong  negative  NOEs  even  for  side-chain  protons  strongly  suggested  that  1 
assumes  a  rigid  conformation  at  the  timescale  of  ‘H-'H  NOEs. 

Interproton  distances  were  derived  from  integrated  volumes  of  crosspeaks  in 
a  50  ms  NOESY  spectrum  collected  in  H20,  assuming  identical  spectral  density 
functions  for  all  protons.  These  distances  were  subsequently  used  as  constraints 
in  a  70  ps  molecular  dynamics  simulation.  The  first  20  ps  of  dynamics  was 
performed  at  900  K.  The  system  was  then  cooled  to  300  K  in  contact  with 
a  heat  bath  with  a  coupling  constant  of  200  fs.  Dynamics  simulation  was  continued 
for  another  50  ps.  During  the  300  K  simulation,  molecular  geometries  were 
stored  at  the  end  of  every  picosecond.  These  50  structures  were  subsequently 
subjected  to  restrained  energy  minimizations.  The  NOE  forcing  potential  was 
gradually  increased  from  a  low  value  during  the  900  K  simulation  to  an 
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Fig.  I.  Stereoview  of  the  micelle-bound  conformation  of  peptide  /. 

intermediate  value  during  the  300  K  simulation  to  its  full  value  during  energy 
minimizations,  by  adjusting  the  NOE  scale  factor  in  the  force  field.  During 
the  300  K  simulation  the  structure  converged  to  the  average  conformation  shown 
in  Fig.  1.  The  calculated  structure  shows  good  agreement  with  the  NOE-derived 
interproton  distances. 

The  predominant  average  conformation  of  a  BN  antagonist,  at  the  timescale 
of  'H  NOEs  and  in  a  micellar  environment,  has  been  characterized  by  2D  NMR 
and  restrained  molecular  dynamics.  The  most  notable  features  of  the  molecular 
structure  are  the  helical  (not  ar-helical)  rise  of  the  backbone,  the  close  juxtaposition 
of  the  three  aromatic  side  chains  and  the  close  approach  of  the  C°H  protons 
of  Phe8  and  Leu9.  Stabilization  of  these  structural  features  with  appropriate 
conformational  constraints  may  yield  more  potent  BN  antagonists. 
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Introduction 

Gonadotropin  associated  peptide  (GAP)-releasing  enzyme  [1,2]  and  atrial 
granule  serine  proteinase  (AGSP)  [3,4],  which  are  isolated  and  purified  from 
bovine  hypothalamic  neurosecretory  granules  and  bovine  atrial  granules  respec¬ 
tively,  are  likely  processing  enzymes  of  pro-gonadotropin-releasing  hormone 
(GnRH)/GAP  and  pro-atrial  natriuretic  factor  (ANF)  respectively.  The  pro¬ 
cessing  recognition  sequence  for  GAP-releasing  enzyme  (G6LRPGGKR13)  and 
for  AGSP  (A96PRSLRR102)  contain  a  doublet  of  basic  amino  acids  and  a 
monobasic  amino  acid  upstream  of  the  doublet  (Fig.  1).  Furthermore,  both 
sequences  are  postulated  to  form  a  defined  structural  element  at  the  surface 
of  their  respective  pro-hormone  proteins  [5].  It  was  therefore  of  interest  to 
determine  whether  each  enzyme  would  maintain  its  specificity  when  confronted 
with  the  processing  sequence  of  the  alternate  enzyme.  To  this  end.  several  peptides 
based  on  the  primary  sequence  of  pro-ANF  and  pro-GnRH/GAP  were  prepared 
which  incorporated  either  the  processing  site  sequence  for  the  relevant  enzyme 
or  the  processing  site  sequence  for  the  alternate  processing  enzyme  (Table  1). 
Hydrolysis  of  these  peptide  substrates  by  both  enzymes  was  then  assessed. 

Results  and  Discussion 

GAP-releasing  enzyme,  which  was  purified  to  electrophoretic  homogeneity 
by  HIC  on  phenyl-sepharose  and  RPHPLC  on  C4  is  likely  to  be  a  single 
polypeptide  chain  (Mr  =  64  500),  calcium-dependent  neutral  pH  serine  proteinase. 
It  is  not  a  glycoprotein  containing  1,2-diois,  and  probably  has  a  blocked  N- 
terminus. 

Substrate  and  the  enzyme  were  incubated  in  a  suitable  buffer  and  Clg  RPHPLC 
was  used  to  separate,  identify  and  quantitate  the  hydrolysis  products.  When 
necessary,  the  identity  of  the  hydrolysis  product  was  confirmed  by  AAA  and 

Pro-GnRH/GAP  Q‘HWSYG6LRPGGKR,3DI4AENLIDSF. . . 

Pro-ANF  . . .  A*»LLKSKLRALLTAWPRSLRR1<HSSCFGG . . . 


Fig.  I.  Partial  sequences  of  pro-GnRH/GAP  and  pro-ANF  precursor  proteins  around  their  respective 
processing  sites  (bolded). 
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Table  1  Peptide  substrates  containing  the  processing  sites  of  AGSP  and  GAP-releasing 
enzyme  (cleavage  points  are  indicated  by  arrows ) 


Peptide 

substrate 

Proc.  site 
sequence 

Pro-hormone 

sequence 

1 

APR*SLRRSSCFGGRIDRIGAQSGLGCNSFRY 

AGSP 

Pro-ANF 

2 

ALLKSKLRALLTAPR‘SLRRSSAF 

AGSP 

Pro-ANF 

3 

QHWSYGLLTAPR*SLRRDAENLIDSFQEIVK 

AGSP 

Pro-GnRH/GAP 

4 

LGLRPGGKR^SCFGGRIDRIGAQSGLGCNSFRY 

GAP  enzvme 

Pro-ANF 

5 

BzGLRPGGKR‘DAENL 

GAP  enzyme 

Pro-GnRH/GAP 

NH:-terminal  sequence  analysis.  Peptides  1  and  2  (Table  1),  which  contain  the 
processing  site  for  AGSP  encompassed  in  the  primary  sequence  of  pro-ANF, 
and  peptide  3  which  has  the  same  processing  site  in  the  primary  sequence  of 
pro-GnRH/GAP  are  hydrolyzed  rapidly  and  exclusively  at  the  bond  correspon¬ 
ding  to  Arg98-Ser"  of  the  pro-hormone  [3].  Thus,  the  enzyme  acts  with  specificity 
at  its  own  processing  site  sequence  even  in  the  alternate  pro-hormone.  With 
peptides  4  and  5,  which  contain  the  GAP-enzyme  site  contained  in  the  protein 
framework  of  pro-ANF  and  pro-GnRH/GAP,  respectively,  there  was  no  de¬ 
tectable  hydrolysis  of  substrate  (up  to  250  /aM)  with  AGSP  even  after  20  h 
incubation  at  37°C.  GAP-releasing  enzyme  acted  with  specificity  at  its  own 
recognition  sequence,  cleaving  on  the  ultimate  side  of  the  Lys-Arg  doublet,  in 
the  peptides  based  on  pro-ANF  (peptide  4)  or  pro-GnRH/GAP  (peptide  5). 
With  peptides  that  possess  the  processing  site  sequence  for  AGSP,  however. 
GAP-releasing  enzyme  either  failed  to  act  (peptides  1  and  2)  or  hydrolyzed  the 
peptides  at  an  extremely  slow  rate  yielding  multiple  products  (peptide  3). 

Thus,  substrate  recognition  by  the  endoproteinase  involves  several  subsites 
in  which  structural  determinants  play  a  role.  Each  processing  enzyme  acts  on 
its  own  physiological  substrate  and  that  the  molecular  basis  for  this  specificity 
lies  in  the  sequence,  composition,  and  conformational  integrity  of  the  intact 
processing  recognition  site. 
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Introduction 

L-Propargylglycine  (L-Pra)  has  been  revealed  to  be  a  natural  occurring 
antimetabolite  of  methionine  and  leucine  [1].  Its  synthetic  racemate  is  also  a 
powerful  inhibitor  of  microbial  growth  [2].  In  search  of  certain  enzyme  inac¬ 
tivators,  L-Pra  was  incorporated  into  dipeptides  that  resulted  in  strong  suicidal 
substrates  for  microorganisms  [3]. 

Since  procollagen  consists  mainly  of  the  Pro-X-Gly  unit  which  is  post- 
translationally  hydroxylated  by  the  enzyme  prolyl-4-hydroxylase  (when  X  =  Pro), 
we  replaced  X  by  L-Pra  and  studied  the  interaction  of  the  resulting  tripeptide 
with  the  enzyme  [4]. 

The  synthesized  peptide  [5]  was  characterized  by  NMR  and  mass  spectrometry 
and  its  crystal  structure  was  established  by  X-ray  diffraction  analysis. 

Results  and  Discussion 

A  single  crystal  (EtOAc/EtvO)  with  the  approximate  dimensions  0. 1  x  0.5  x  0.5 
mm  was  chosen  for  the  X-ray  studies.  On  the  basis  of  Buerger  precession 
photographs  the  monoclinic  space  groups  C2/m,  Cm  or  C2  have  been  established, 
of  which  the  latter  was  confirmed  by  further  calculations.  The  lattice  parameters 
were  determined  accurately  using  an  automated  single-crystal  diffractometer 
CAD4  (ENRAF-NONIUS)  and  25  precisely  centered  high-angle  reflexions. 

For  the  structure  determination  8098  intensities  were  measured  with  Cu  Ir¬ 
radiation  in  the  range  0  =  3-65°  at  room  temperature.  Intensity  data  were 
corrected  for  Lorentz  and  polarization  effects,  absorption  and  extinction.  The 
structure  was  solved  by  direct  methods.  All  calculations  were  performed  on 
a  DEC  MicroVAX  3500  using  MOLEN  [6]. 

The  cell  unit  consists  of  four  pairs  of  two  crystallographically  independent 
molecules  A  and  B  with  antiparallel  orientation.  Each  couple  of  molecules  A 
and  B  is  hydrogen  bonded  by  (Gly)AN-H-0=C(Pro)B  (=1.76  A)  and 
(Pro)AC=0”  H-N(Gly)B  (=  1.90  A).  This  alternately  stacking  of  A  and  B  forms 
a  ribbon  of  an  antiparallel  y3  sheet  infinitely  extended  across  the  crystal  (Fig. 
1).  The  carbonyl  oxygen  of  each  Pra  residue  is  hydrogen  bonded  to  the  NH 
of  the  appropriate  Pra  residue  in  the  adjacent  unit.  This  bonding  in  conjunction 
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Fig.  1.  p  sheet  in  the  crystal  (6  cell  units,  backbone  atoms  only)  [  7], 


with  the  hydrogen  bonds  between  the  A  and  B  pairs  leads  to  the  infinite  )3 
sheet  (Fig.  1).  The  conformation  of  A  and  B  is  virtually  the  same  in  the  Boc- 
Pro-CO-NH-  region.  There  is,  however,  a  drastic  difference  in  the  orientation 
of  the  propargyl  group  of  A  and  B  as  indicated  by  the  torsion  angles  C(7)- 
C(6)-C(61)-C(62)=  173.0°  and  C(27)-C(26)-C(261)-C(262)  =  -63.4°,  respectively. 
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Introduction 

The  IgE  receptor  is  a  tetrameric  complex  of  subunits,  represented  by  the  formula 
a(3y2-  The  binding  of  IgE  to  its  membrane  bound  receptor  is  the  primary  step 
in  the  release  of  histamine  and  other  immuno-regulators  [1].  The  7  subunit 
has  recently  been  cloned,  its  amino  acid  sequence  determined  and  a  model  for 
the  receptor  proposed  [2], 

In  order  to  study  the  structure  and  function  of  various  domains  of  the  receptor 

[3] ,  we  have  synthesised  and  studied  spectroscopically  (by  FTIR.  CD  and  NMR) 
the  cytoplasmic  domain  of  the  7  subunit  (36  amino  acids),  implicated  in  exocytosis 

[4]  and  IgE  receptor  movement  [5]. 


BOO  1700cm"'  500 

Fig.  I.  FTIR  spectrum  of  IgE  y  CD  in  D:0. 
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Results  and  Discussion 

The  second  derivative  FTIR  spectrum  (Fig.  1)  in  D20  indicated  the  presence 
of  two  amide  I'  bands  at  1672  cm'1  and  1643  cm'1,  corresponding  to  the  /?- 
turn  and  left  handed  helical  (LHE)  [6]  conformations  respectively,  and  the  absence 
of  significant  concentrations  of  other  regular  conformations  in  the  equilibrium 
mixture. 

CD  spectra  under  similar  conditions,  in  H20  and  in  H20/  excess  SDS  (Fig. 
2),  were  consistent  with  a  conformational  mixture  of  /3-turns  (or  310  helix)  and 
LHE  conformations,  with  a  higher  percentage  of  /3-turns  with  SDS  than  in  H20 
alone.  CD  simulations  confirmed  this  and  gave  an  approximate  ratio  of  /3- 
turn :  LHE  of  57 : 43. 

NMR  studies  are  underway  to  further  refine  the  conformation(s)  and  con¬ 
formational  equilibria  of  this  important  cytoplasmic  domain  peptide  and  its 
relationship  to  the  intact  gamma  subunit.  This  combined  use  of  CD  and  FTIR 
spectroscopies  and  the  succesful  simulation  of  the  CD  spectra  based  on  FTIR 
data  is  an  important  step  in  the  conformational  analysis  of  linear  peptides. 
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Introduction 

Dynorphin  A  is  a  potent  opioid  peptide  with  high  specificity  for  the  /c-opioid 
receptor  [1],  The  /e-agonists  are  of  clinical  interest  because  ^-receptors  have  been 
shown  to  mediate  analgesia  with  low  addictive  potential  [2].  The  N-terminal 
fragment  Dynorphin  A(I-13),  Y'-G2-G3-F4-L5-R6-RMM*9-P10-K1>-Li:!-K13,  has 
high  potency  and  k  selectivity  comparable  to  the  natural  17  amino-acid  peptide. 
The  membrane  is  believed  to  play  an  important  role  in  the  receptor-peptide 
interactions  [3].  The  membrane  mediated  conformation  and  orientation  of  the 
opioid  peptide  may  meet  the  «-receptor  requirements  rather  than  the  random 
conformation  of  the  peptide  in  an  aqueous  environment.  We  report  the  con¬ 
formational  analysis  of  Dynorphin  A(  1  —  13)  at  the  surface  of  small  uni-lamellar 
phosphatidylchuline  vesicles  using  2D-transferred  NOE  spectroscopy  and  mo¬ 
lecular  modeling  methods. 

Results  and  Discussion 

Dynorphin  A(  1  —  13)  has  a  non-structured,  extended  conformation  in  an  aqueous 
environment  as  determined  by  CD  and  2D-NOE  spectroscopy.  Dynorphin  A(l- 
13)  was  added  to  small  uni-lamellar  vesicles  of  perdeuterated  DMPC-ds4  in  a 
molar  ratio  of  1 : 4.  The  exchange  rate  between  membrane-bound  and  free  peptide 
is  faster  than  the  cross-relaxation  rate  and  transferred  NOE*s  may  be  measured. 
In  the  presence  of  lipid,  the  2D-NOE  spectra  showed  an  increased  number  of 
cross-peaks  which  were  ascribed  to  membrane-bound  Dynorphin  A(  1  —  1 3).  The 
membrane  mediated  conformation  of  Dynorphin  \(  1  —  13)  was  obtained  by 
molecular  modeling  (BIOGRAF,  Dreiding  Force  Field)  using  inter-residue  TR- 
NOE  cross-peaks  from  the  N-terminal  segment  as  initial  distance  constraints. 
Due  to  ambiguity,  the  inter-residue  TR-NOE’s  in  the  C-terminal  segment  were 
not  used  as  distance  constraints  in  order  not  to  overly  restrict  the  peptide 
conformation.  The  charges  on  the  peptide  were  compensated  by  negative  charges 
situated  8  A  apart  in  a  planar  hexagonal  array,  mimicking  the  arrangement 
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Fit’.  I.  Conformation  of  Dvnorphin  A(  l-l  J)  at  the  membrane  surface  of  DM  PC  vesicles. 

of  phosphates  in  a  lipid  bilaver.  The  structural  refinement  was  obtained  by 
molecular  dynamics  simulations.  The  distances  in  the  tentative  peptide  model 
correlated  well  with  the  observed  TR-NOE  cross-peaks. 

The  membrane  associated  peptide  has  a  folded  (Y'-L5)  hydrophobic  N- 
terminus,  corresponding  to  a  short  helical  segment  which  may  be  inserted  into 
the  lipid  bilaver.  The  polar,  positively  charged  C-terminus  (R^-K1-1)  also  displays 
a  folded  structure,  initiated  at  residue  Ix  and  completed  at  P10  (Fig.  1).  This 
may  confirm  the  necessity  of  a  folded  ‘address’  of  the  peptide  for  high  selectivity 
and  potency  of  binding  to  the  *-receptors  [4]. 
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Introduction 

Much  insight  has  been  obtained  on  Ca2+-binding  proteins  from  studies  on 
cyclic  peptides  [1]  as  well  as  on  relatively  large  linear  peptides  with  sequences 
resembling  the  ion-binding  regions  of  these  proteins  [2].  With  the  aim  of 
delineating  the  minimal  conformational  features  required  for  Ca2+  binding,  we 
synthesized  several  short  linear  peptides  and  examined  their  interaction  with 
Ca2+  by  CD,  NMR  and  molecular  modeling  methods. 

Results  and  Discussion 

The  peptide  f-Boc-Pro-[D-Ala]-Ala-NHCH;i,  an  inhibitor  of  collagen  prolyl- 
hydroxylase  [31  and  r-Boc-Leu-Pro-Tyr-Ala-NHCH^  a  tyrosine  kinase  substrate 
[4],  were  synthesized  and  purified  by  HPLC  methods.  Calcium  ion  binding  by 


Fig.  I  MOESY  spectra  of  iBoc-Leu-Pro-Tyr-Ala-NHMe  (right)  and  the  pepnde-Ca: '  complex  deft) 
in  (  DiC\.  For  both  spectra  256  f  increments  were  used  with  a  mixing  time  of  500  ms.  The  original 
256  -  1024  data  matrix  was  zero-filled  twice  and  multiplied  by  a  sine-hell  function  in  both  dimensions. 
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these  peptides  was  very  weak  in  water.  However,  substantial  changes  in  the 
CD  and  NMR  spectra  occurred  on  the  addition  of  Ca2+  in  non-polar  solvents. 
Saturable  binding  was  seen  at  a  2: 1  peptide/Ca2+-molar  ratio.  Detailed  'H  and 
i3C-NMR  spectral  analysis  was  made  on  the  free  and  Ca2+  bound  forms  of 
the  peptides.  Fig.  1  shows  NOESY  spectra  of  free-  and  Ca2+  bound  /-Boc-Leu- 
Pro-Tyr-Ala-NHCHj  in  CDjCN  on  a  Bruker  AM  500  MHz  spectrometer. 

Significant  changes  are  noticed  in  crosspeaks  corresponding  to  spatial  con¬ 
nectivities  particular)'  for  the  amide  region  {6-7  ppm)  and  a-CH  region  ( 3.6— 
4.5  ppm). 

The  data  extracted  from  the  analysis  of  the  NOESY  spectra  were  used  as 
input  for  energy  minimization.  The  Biograf  software  (by  BioDesign)  based  on 
Dreiding  force  field  was  used  for  molecular  simulation.  The  Ca2~  ion  specific 
parameters  described  by  Hori  et  al.  [5]  were  integrated  to  the  software.  The 
results  obtained  are  similar  for  both  peptides.  In  solution,  the  free  peptide  has 
a  consecutive  /3-turn  structure.  This  structure  can  serve  as  a  template  for  Ca2+ 
binding  since  only  small  conformational  change  is  required  for  the  formation 
of  the  calcium-peptide  complex.  Interestingly,  it  was  found  that  the  structure 
of  the  Ca2+-bound  peptide  is  a  ‘sandwich’  wherein  two  peptides  molecules  hold 
the  cation  in  the  middle  via  the  cabonvl  groups.  This  is  compatible  with  the 
numerous  NOE  connectivities  arising  from  mfmnolecular  interactions  between 
the  two  peptide  molecules  in  the  complex.  Such  a  structure  has  been  described 
for  small  cyclic  peptides  [2]  and  proposed  for  the  Ca:~  translocating  form  of 
fBoc-Leu-Pro-Tyr-Ala-NHCH,  [6], 
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Introduction 

The  carboxyl  terminal  amino  acids  of  the  41 1  residue  fibrinogen  7-chain  play 
a  significant  role  in  blood  doting.  One  of  the  steps  in  the  polymerization  of 
fibrinogen  to  fibrin  involves  the  intermolecular  7-chain  crosslinking  of  the  side 
chains  of  Gin398  and  Lys406,  a  process  catalyzed  by  activated  Factor  XIII.  The 
C-terminal  portion  of  fibrinogen  (but  not  fibrin)  7-chain  also  stimulates  platelet 
aggregation,  this  activity  being  contained  within  residues  400-41 1  [1], 

Because  of  the  physiological  significance  of  the  fibrinogen-7  C-terminal  region, 
antibodies  have  been  prepared  against  it.  We  are  using  NMR  to  study  the 
interaction  of  fibrinogen  7-chain  peptides  with  monoclonal  antibody  4A5,  which 
has  high  affinity  for  both  peptide  (392-411),  LTIGEGQQHHLGGAKQAGDV, 
as  well  as  native  fibrinogen.  We  have  found  that  the  presence  of  a  /Mum  between 
Gin407  and  Asp410  correlates  with  optimum  affinity  for  peptide  binding  to  4A5. 

Results  and  Discussion 

NMR  studies  of  (392-411)  were  performed  at  400  MHz  in  aqueous  solution 
at  pH  5.2  and  pH  2.7.  While  NOESY  and  ROESY  spectra  did  not  display  long 
range  NOE’s  indicative  of  secondary  or  tertiary  structure,  at  pH  5.2  the  amide 
NH  of  Asp4  -  had  a  very  low  chemical  shift  temperature  dependence,  consistent 
with  this  amide  being  involved  in  a  hydrogen  bond.  At  pH  2.7,  this  temperature 
dependence  increased  substantially,  indicating  a  diminution  of  ordered  structure. 
The  backbone  NH  of  Gin407  showed  a  shift  difference  of  about  0.2  ppm  between 


Table  1  Conformationally  significant  spectral  parameters  of  peptide  (392-411)  and  [o- 
Ala4m]and  [  i-Ala409  ]  analogs 


(392-411) 

o-Ala409 

L-Ala409 

analog 

analog 

Chemical  shift  of  backbone  NH  of  Gin407 

pH  5.2 

8.63 

8.64 

8.53 

Temp,  dependence  of  shift  of  NH  of  Asp410 
( 10* 'ppm/deg  C) 

pH  2.7 

8.44 

8.41 

8.45 

pH  5.2 

2.9 

3.0 

5.9 

pH  2.7 

5.1 

5.0 

7.3 
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Inhibitor  Concentration 

Fig.  I.  Binding  of  [392-411  /,  D-Alam  analog,  and  L-Ala*99  analog  to  antibody  4A5. 


pH  5.2  and  pH  2.7,  again  likely  due  to  a  conformational  transition.  It  was 
hypothesized  that  a  high  population  of  type  II  /3-turn  [2]  might  exist  from  residues 
Gin407  to  Asp410  at  pH  5.2,  with  a  much  lower  turn  population  at  pH  2.7. 
Additional  data  supporting  the  turn  structure  [3]  included  a  small  JNH.CH  value 
for  Ala408,  an  NH-NH  NOE  and  relatively  weak  aCH-NH  NOE  between  Glv409 
and  Asp410,  a  strong  aCH-NH  NOE  between  Ala4"8  and  Gly4"9.  and  a  weak 
aCH-NH  NOE  from  Ala408  to  Asp410  which  could  be  detected  in  one  dimensional 
NOE  experiments. 

To  verify  the  presence  of  the  /3-turn,  Ala409,  and  D-Ala409  were  synthesized. 
The  NMR  results  (Table  1)  indicated  that  the  D-Ala  analog  showed  key  spectral 
parameters  very  similar  to  that  of  the  native  peptide  suggesting  a  type  II  /3- 
turn  [4],  while  the  L-Ala  analog  differed  significantly,  and  was  much  less 
structured.  Tested  for  binding  to  antibody  4A5  (Fig.  1),  the  L-Ala  analog  bound 
with  about  1/10  the  affinity  of  the  native  peptide,  while  the  D-Ala  analog  had 
an  affinity  7-10  times  greater  than  native  (392-41 1). 

Taken  together,  the  NMR  and  affinity  studies  indicate  that  not  only  does 
[392-411]  possess  a  type  II  /3-turn  between  Gin407  and  Asp410,  but  also  that 
this  secondary  structure  is  recognized  by  antibody  4A5. 

References 

1.  Kloczewiak.  M..  Timmons.  S.,  Lukas.  T.L.  and  Hawiger.  J.,  Biochemistry,  23(1984)1767. 

2.  Smith.  J.A.  and  Pease,  L.G..  CRC  Crit.  Rev.  Biochem.,  8(1980)315. 

3.  Wiithrich,  K..  NMR  of  Proteins  and  Nucleic  Acids.  John  Wiley  and  Sons,  New  York.  1986. 

4.  Richardson,  J.S..  Adv.  Prot.  Chem.,  34(1981)  167. 


238 


Multicyclic  peptides  synthesized  using  the  Kaiser  oxime 
resin:  Helix  stabilizing  effects  of  lactam  bridges 


George  Osapay,  Jozsef  Gulyas,  Adam  A.  Profit,  Erzsebet  S.  Gulyas 

and  John  W.  Taylor 

Laboratory  of  Bioorganic  Chemistry  and  Biochemistry.  The  Rockefeller  University. 
1230  York  Avenue.  New  York.  NY  10021.  U.S.A. 


Introduction 

The  />-nitrobenzophenone  oxime  resin  is  useful  for  the  preparation,  in  their 
fully  protected  forms  and  in  high  yield  and  purity,  of  cyclic  peptides  and  peptides 
incorporating  lactam-bridged  side  chains  [1],  With  appropriate  N“-  and  C“- 
protection,  the  lactam-bridged  peptides  have  been  used  to  prepare  multicyclic 
peptides  by  segment-condensation  synthesis  [2],  In  combination  with  FMOC 
and  OFm  side-chain  protection,  we  have  also  recently  achieved  the  oxime  resin- 
based  synthesis  of  a  protected  peptide  having  two  overlapping  lactam  bridges, 
cyclo(l-5,2-6)Boc-Lvs-Lys-Ala-Ala-Asp-Asp-OPac.  Thus,  the  synthetic  interme¬ 
diates  necessary  for  the  construction  of  almost  any  type  of  multicyclic.  lactam- 
bridged  peptide  may  be  prepared  by  this  method.  Such  structures  should  be 
useful  for  determining  the  functional  conformations  of  biologically  active 
peptides,  and  enhancing  their  potencies,  specificities  and  resistance  to  proteolysis. 
They  may  also  provide  the  basic  framework  for  small,  rigid  mimics  of  larger 
globular  proteins  that  relv  on  a  stable  hydrophobic  core  to  define  their  functional 
conformations. 

We  have  chosen  to  use  peptide  cyclization  on  oxime  resin  to  optimize  the 
design,  synthesis  and  helix  stability  of  multicyclic,  amphiphilic  a-helical  model 
peptides.  With  this  goal  in  mind,  an  extensive  comparison  is  underway  of  the 
conformational  properties  of  model  peptides  having  the  general  structure  H- 
(Lys-Leu-Xxx-Glu-Leu-Lys-Yyy)n-OH,  where  n  =  l,  2  or  3,  and  Xxx  and  Yyy 
are  residues  with  covalently  linked  side  chains. 

Results  and  Discussion 

The  peptides  listed  in  Table  1  were  synthesized  by  methods  similar  to  those 
described  previously  [2],  and  their  CD  spectra  were  measured  at  25°C  in  aqueous 
buffer  at  neutral  pH  or  in  the  same  buffer  containing  50%  TFE.  The  CD  spectra 
of  the  n  =  3  series  in  aqueous  solution  indicated  that  three  Lys1,  Aspl+J  lactam 
bridges  in  a  21-residue  peptide  induce  a  high  a-helix  content,  whereas  three 
Lys1,  Glul+4  bridges  do  not  (Table  1).  However,  the  CD  spectra  obtained  for 
this  series  in  50%  TFE  indicated  that  the  peptide  with  three  Lys',  Glu,+4  bridges 
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was  more  helical  than  an  acyclic  analog  where  Xxx  =  Lys[Ac]  and  Yyy  =  Gin, 
demonstrating  that  the  multiple  Lys*,  Glui+4  bridges  are  compatible  with  a  high 
ar-helix  content  and  are  also  significantly  helix  stabilizing.  The  14-residue  (n  =  2) 
Lys1 2 3 4,  Asp1+4  bridged  peptide  was  also  highly  helical,  but  surprisingly  the  isomeric 
14-residue  Orn1,  Glu1+4  bridged  analog  was  not.  In  fact,  the  data  for  the  n  =  2 
series  in  50%  TFE  indicated  that  two  Orn1,  Glui+4  bridges  are  actually  helix 
destabilizing  in  the  context  of  these  model  peptides,  when  compared  to  an  acyclic 
analog  where  Xxx  and  Yyy  =  Gin. 


Table  1  Helix  contents  of  mult  icy  clic  model  peptides  and  their  acyclic  analogs 


Peptide  structure 

Helix  content  in 
water-1  b 

Helix  content  in 
50%  TFEj  b 

H-[cyclo(3-7)Lys-Leu-Lys-Glu-Leu-Lys-Asp]3-OH 

0.69 

0.86 

H-[cyclo(3-7)Lys-Leu-Lys-Glu-Leu-Lys-Glu]3-OH 

0.26 

0.85 

H-(Lys-Leu-Lys[Ac]-Glu-Leu-Lys-Gln)3-OH 

0.19 

0.59 

H-[cyclo(3-7)Lys-Leu-Lys-Glu-Leu-Lys-Aspj2-OH 

0.41 

0.64 

H-[cyclo(3-7)Lys-Leu-Orn-Glu-Leu-Lys-Glu]2-OH 

0.05 

0.21 

H-fLys-Leu-GIn-Glu-Leu-Lys-GInjj-OH 

0.12 

0.40 

a  Buffered  with  10  mM  sodium  phosphate,  pH  7.0. 
b  Helix  content  is  estimated  as  ([0]222  -  3000)  /  -39000. 


The  helix  stabilizing  effects  of  multiple  lactam-bridged  residue  pairs  incor¬ 
porated  into  our  model  peptides  are  ordered  Lys',  Asp1+J>Lys',  Glu1+4>un- 
bridged  residues  >  Orn1,  Glui+4.  These  results  confirm  and  extend  earlier  ob¬ 
servations  on  lactam-bridged  Lys1,  Aspi+4  analogs  of  growth  hormone-releasing 
factor  [3]  and  neuropeptide  Y  [4]. 
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Introduction 

It  has  been  shown  that  there  is  no  epidermal  growth  factor  (EGF)-receptor 
binding  nor  mitogenic  activity  in  the  synthetic  first  EGF-like  domain  of  factor 
IX  (45-87)  [I].  However,  the  Gla-independent  calcium  binding  site  has  been 
located  in  this  peptide  fragment  [2,3].  The  sequence-specific  assignment  of  the 
'H-NMR  resonances  and  the  secondary  structure  of  the  peptide  have  been 
determined  by  standard  2D-NMR  techniques.  Also,  the  location  of  the  calcium 
binding  site  has  been  investigated. 

Results  and  Discussion 

2D-NMR  spectra  were  acquired  for  human  factor  IX  (45-87)  on  a  Varian 
VXR-500S  spectrometer  operating  at  499.84  MHz,  25±0.2°C,  with  a  sample 
concentration  of  about  2  mM.  In  subsequent  discussions,  a  sequential  amino 
acid  numbering  system  from  1  to  43  will  be  used  for  the  peptide. 

Amino  acid  spin  systems  were  identified  from  analysis  of  cross  peaks  in  standard 
COSY,  TOCSY  and  relay-COSY  experiments  in  D20  and  90%  H20  /  10%  D20 
solution.  A  triple  quantum  COSY  spectrum  in  D20  also  provided  useful 
information  for  assignment  of  nearly  equivalent  /3-protons.  Using  these  spectra, 
in  addition  to  NOESY  experiments  in  H20  and  D20  solution,  sequence  specific 
assignments  were  made.  There  are  two  antiparallel  /3-sheet  structures  in  the  peptide 
(Fig.  1).  These  were  assigned  using  nonsequential  NOESY  connections  and  the 
pattern  of  slowly  exchanging  amide  protons.  Confirmation  was  obtained  from 
the  sequential  amide/a  proton  spin-spin  coupling  constants  (3JHNo)  [4].  The  first 
/3-sheet  consists  of  residues  16-20  and  25—29;  the  second  consists  of  residues 
32-34  and  40-42.  Each  /3-sheet  has  an  associated  tight  turn  (residues  21-24 
and  35-39).  Neither  turn  can  be  classified  as  a  classical  type  I  or  II  because 
of  their  amino  acid  sequences  and  the  amide/a  coupling  constants. 

Comparison  of  2D-NMR  spectra  in  the  presence  or  absence  of  20  mM  calcium 


241 


LH.  Huang  et  al. 


A 


Fig.  1.  The  fi-sheei  structures  in  the  first  EGF-like  domain  of  factor  IX.  HOE  connections  are  shown 
with  arrows.  Thicker  arrows  depict  strong  NOEs.  Slowly  exchanging  protons  are  encircled. 


ion  (pH  4.7)  has  shown  that  the  chemical  shifts  of  the  following  residues  have 
a  significant  calcium  dependence:  Gly4,  Asp5,  Gin6,  Asp20,  Asp21,  Ser24,  Tyr25, 
Glu26,  Glu34  and  Val42.  Preliminary  distance  geometry  calculations  indicate  that 
Glu34  and  Val42  are  too  distant  to  participate  in  a  calcium  binding  site  with 
the  other  residues,  and  the  significance  of  their  calcium-dependence  is  unclear. 
Further,  because  of  the  alternating  disposition  of  amino  acid  side  chains  imposed 
by  the  /3-sheet,  residues  Asp20  and  Tyr25  are  unlikely  to  participate  in  a  binding 
site  with  residues  Asp21,  Ser24,  or  Glu26.  These  results  suggests  a  calcium  binding 
site  on  one  side  of  the  first  /J-sheet.  near  the  bend,  which  is  capped  by  the 
N-terminal  tail  of  the  peptide.  The  precise  location  of  the  site  is  currently  under 
investigation.  The  proton  chemical  shifts  for  most  of  the  residues  are  relatively 
insensitive  to  calcium.  Thus  it  appears  that  calcium  binding  does  not  cause  a 
major  change  in  peptide  conformation,  with  the  possible  exception  of  repo¬ 
sitioning  the  N-terminal  tail  relative  to  the  rest  of  the  peptide. 
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Introduction 

Post-translational  modifications  of  epitopic  regions  are  widely  believed  to  play 
a  major  role  in  immunological  recognition,  but  the  number  of  direct  proofs 
are  rather  limited  because  neither  glycosylation  and  phosphorylation  sites  on 
well  defined  binding  regions  nor  straightforward  solid-phase  synthetic  methods 
to  prepare  N-  and  O-glycosylated  and  phosphorylated  peptides  had  been 
established.  We  have  concentrated  our  efforts  on  synthesizing  variously  gly¬ 
cosylated  Fmoc-Asn-OH  and  incorporating  the  resulting  glycoamino  acids  into 
immunologically  active  peptides.  We  have  also  worked  out  procedures  by  which 
the  same  serine  can  be  selectively  phosphorylated  or  glycosylated  on  the  solid 
support.  Finally  we  have  investigated  the  effects  of  post-translational  modifi¬ 
cations  on  the  conformation  of  the  synthesized  protein  fragments. 

Results  and  Discussion 

The  basis  of  our  synthetic  strategies  was  the  observation  that  neither  Pfp 
esters  nor  symmetrical  anhydrides  acylate  free  hydroxyl  groups  during  SPPS. 

Serine  residues  to  be  phosphorylated  or  glycosylated  are  incorporated  with 
unprotected  hydroxyl  groups  using  Pfp  esters.  Consecutive  amino  acids  can  be 
coupled  by  either  activation  strategy.  When  the  peptide  chain  assembly  is 
completed,  phosphorylation  is  effected  by  dibenzyl  phosphochloridate  [1]. 
Alternatively,  glycosylation  of  the  same  serine  residues  is  achieved  after  selective 
N-terminal  acetylation  with  3,4,6-tri-O-acetyl  D-glucose-  or  galactose-oxazoline 
[2],  TFA  is  used  to  cleave  the  peptides  from  the  solid  support.  TFA  also  cleaves 
the  benzyl  protection  of  the  phosphate  and  any  N-phosphates,  but  leaves  the 
O-phosphate,  O-glucoside  and  O-galactoside  bonds  intact.  Base  mediated  de- 
O-acetylation  of  the  glycopeptides  delivers  the  final  products. 

Low  coupling  efficiencies  with  peracetylated  carbohydrates  prompted  us  to 
use  unprotected  sugars  conjugated  with  Fmoc-asparagine  during  N-glycopeptide 
syntheses.  Test  couplings  with  peracetylated  carbohydrate  derivatives  yielded 
30-50%  lower  amino  acid  incorporation  values  than  with  those  employing  free 
side-chain  hydroxyl  groups  [3].  In  a  typical  reaction,  reducing  sugars  are  converted 
into  their  L-amino  derivatives  with  NH4HC03  and  coupled  to  Fmoc-Asp(OPfp)- 
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O'Bu.  The  !Bu  ester  is  cleaved  by  TFA  and  the  glycoamino  acid  is  coupled 
to  the  peptide  chain  with  Fmoc-Asn(sugar)-OPfp,  prepared  in  situ  [3,4].  The 
O-glycosidic  bond  was  not  broken  when  glycopeptides  with  di-  and  trisaccharides 
of  Glc,  GlcNAc  and  Gal  were  detached  from  the  resin  with  TFA. 

The  synthetic  phospho-  and  glycopeptides  were  purified  by  RPHPLC  and 
characterized  by  amino  acid  analysis,  FAB-MS,  2D-NMR  and  direct  sequencing. 
We  have  made  small  model  peptide  sequences,  as  well  as  medium-sized  peptides 
(12-19  residues)  corresponding  to  rabies,  hepatitis,  varicella,  neurofilament  and 
tau  proteins.  Results  of  in  vitro  and  in  vivo  immunological  tests  varied  as  a 
function  of  amino  acid  sequence  and  post-translational  modification. 

CD  studies  were  performed  in  TFE,  water,  and  mixtures  of  the  two  solvents. 
Natural  glvcosylation  sites  are  assumed  to  be  located  on  reverse  turns,  and  as 
expected,  we  found  an  increase  in  the  formation  of  both  type  I  and  type  II 
/3-turns  compared  to  the  parent  peptides  when  a  GlcNAc  moiety  was  attached 
to  the  Asn  [5].  Elongation  of  the  carbohydrate  (GlcNAc-/3(l-*4)-GlcNAc)  or 
lack  of  the  acetamido  group  at  C2  and  C2'  (Glc  and  Glc-/3(1— 4)-Glc)  only 
slightly  enhanced  this  effect.  When  parent  peptides  with  a  low  to  moderate  degree 
of  helicity  were  glycosylated,  the  most  significant  effect  of  glycosylation  reflected 
by  CD  was  a  break  in  the  pronounced  3)0  or  a-helical  character.  All  these  Findings 
have  been  further  verified  by  FT-IR  measurements. 

While  glycosylation  appears  to  induce  or  enhance  the  already  present  /3-turn 
structure  of  unmodified  peptides,  phosphorylation  generally  destroys  the  con¬ 
formation  of  the  parent  molecules  and  produces  a  fixed,  perhaps  more  stable, 
but  aperiodic  structure,  characterized  by  distorted  CD  spectra.  It  is  interesting 
that  certain  medium-sized  peptides  containing  Asn  and  Ser  can  exist  in  three 
entirely  different  conformations,  regulated  by  post-translational  modifications. 
Distortion  of  the  original  protein  structure  by  abnormal  phosphorylation  of 
cytoskeletal  proteins  could  play  a  central  role  in  deposition  of  neurofibrillary 
tangles  in  Alzheimer’s  disease. 
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Introduction  ..i 

CQ-methyl  amino  acids  have  been  shown  to  impart  well-defined  conformational 
constraints  to  the  peptide  backbone.  In  particular,  the  achiral  C“  “-dimethylglycine 
(a-aminoisobutyric  acid,  Aib)  residue  strongly  prefers  folded  backbone  confor¬ 
mations  in  the  3|o/a-helical  region  of  the  <f>,  tit  space  (<£=±60°,  ^  =  ±30°)  [1]. 

The  prototype  of  chiral  amino  acids  of  this  family,  C"-methyl,  C"-ethylglycine 
(isovaline,  Iva),  is  more  versatile  than  Aib,  in  the  sense  that  it  can  be  accomodated 
either  in  a  fully-extended  conformation  (at  least  in  simple  derivatives)  or  in 
y3-turns/3|0-helices  (in  small  peptides).  However,  on  the  basis  of  the  X-ray  studies 
performed  to  date,  a  clear-cut  correlation  between  Iva  configuration  and  helix 
handedness  cannot  be  established  [2]. 

In  this  paper  we  describe  the  results  of  a  theoretical  (by  conformational  energy 
computations)  and  experimental  (by  X-ray  diffraction.  IR  absorption.  'NMR, 
and  CD)  conformational  study  of  suitably  selected  model  peptides  of  l(S)-C"- 
methvl,  C-isopropylglycine  [L-a-methvl  valine,  l-  (aMe)Val].  This  study  is  part 
of  a  program  aimed  at  assessing  the  minimal  length  of  the  R  side  chain  in 
a  -NH-QCH^R-CO-  chiral  residue  required  to  induce  a  preferential  screw  sense 
in  a  helical  peptide.  (aMe)Val  is  the  next  member  of  this  amino  acid  series, 
since  it  has  only  one  carbon  atom  more  than  Iva  in  the  R  side  chain. 

Results  and  Discussion 

Conformational  energy  computations  of  Ac-L-(aMe)Val-NHMe  (AMBER 
force  field)  indicate  that  turns  and  right-handed  helical  structures  are  particularly 
stable  conformations  for  this  chiral  Ca-methyl  C“-alkylg!ycyl  residue. 

We  have  synthesized  a  variety  of  L-(aMe)Val  peptides  with  Gly,  L-Ala.  and 
Aib  residues  (to  the  pentapeptide  level)  by  solution  methods.  Our  IR  absorption 
and  'H  NMR  data  allow  us  to  conclude  that  in  CDClj  solution  at  low 
concentrations  the  N(3)H,  N(4)H,  and  N(5)H  protons  of  the  tri-,  tetra-,  and 
pentapeptides  are  inaccessible  to  perturbing  agents  and,  therefore,  most  probably, 
intramolecuiarly  H-bonded.  In  view  of  these  observations  we  believe  that  /3- 
turns  and  3 10-helices  represent  significantly  populated  conformers  for  the  l- 
(aMelVal-conUining  peptides  (longer  than  dipeptides).  By  contrast,  a  L-Val- 
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containing  tripeptide  analog  does  not  show  any  tendency  to  fold  into  a  /3-turn 
conformation.  The  relevant  information  which  can  be  extracted  from  the  CD 
results  is  the  right-handed  screw-sense  of  the  (partially)  helical  structure  which 
is  formed  by  Ac-(Aib)2-L-(aMe)Val-(Aib)2-OrBu  in  TFE  solution. 

X-ray  diffraction  analyses  of  Z-L-(aMe)Val-(L-Ala)2-OMe,  Z-Aib-L-(aMe)  Val- 
(Aib)2-OfBu,  and  Ac-(Aib)2-L-(aMe)Val-(Aib)2-0/Bu  indicate  that  the  tnpeptide 
adopts  a  type-I  /3-turn  conformation  stabilized  by  a  1—4  N-H  -0  =  C  intra¬ 
molecular  H-bond,  while  the  tetra-  and  pentapeptides  are  folded  in  regular  3,0- 
helices.  All  three  L-(aMe)Val  residues  prefer  <J>.  t ji  angles  in  the  right-handed 
helical  region  of  the  conformational  map. 

The  Ca-methvl,  C“-alkylglycyl  L-(aMe)Va!  residue  is  a  strong  /3-turn/helix 
promoter  (much  stronger  than  L-Val)  both  in  solution  and  in  the  crystal-state. 
in  contrast  to  L-Val,  L-(aMe)Val  does  not  tend  to  adopt  a  /3-sheet  structure. 
The  helix  screw-sense  induced  by  t.-(aMe)Val  is  right-handed  (the  same  exhibited 
by  Ca-/w0/»0substituted  protein  L-amino  acids).  The  present  results  and  those 
published  on  Iva-containing  peptides,  taken  together,  indicate  that  a  side  chain 
R  of  three  carbon  atoms  in  a  -NH-C(CH3)R-CO-  residue  represents  the  minimal 
requirement  to  induce  a  preferential  screw-sense  in  the  helical  structure. 

In  summary,  the  incorporation  of  [.-(aMe)Val  into  a  bioactive  peptide  might 
result  in  a  significant  stabilization  of  a  /3-turn  and/or  a  3|0/a-helix. 
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Introduction 

Gramicidin  is  a  linear  polypeptide  produced  by  Bacillus  brevis  which  forms  cation- 
selective  channels  in  lipid  membranes.  The  sequence  of  the  main  component 
(Val1  -Gramicidin  A)  is:  HCO-L-Val'-Gly^L-Ala^D-Leu^L-Ala^D-Va^-L-Val7- 
D-Val8-L-Trp9-D-Leu10-L-Trpll-D-Leul2-L-Trpu-D-Leul4-L-Trpl5-NHCH2CH;>OH. 

It  is  generally  accepted  that  the  conducting  channel  consists  of  two  gramicidin 
monomers  linked  by  hydrogen  bonds  between  their  amino-termini  [1].  The 
polypeptide  backbone  of  each  monomer  is  believed  to  adopt  a  /?63  helical 
conformation;  this  provides  a  pathway  for  ion  movement  through  the  center 
of  the  helix  where  peptide  carbonyl  groups  provide  ion  coordination  sites.  All 
side  chains  ar  on  ti>e  outside  )f  the  helix  where  they  can  interact  with  the 
lipid  membra  Although  not  in  direct  contact  with  ions,  the  side  chains 
nevertheless  play  a  significant  role  in  the  transport  process.  For  instance, 
substitution  of  Trp11  by  Phe  or  Tvr  (gramicidin  B  and  gramicidin  C  respectively) 
results  in  channels  with  different  lifetimes  and  conductances  although  the  /36J 
helical  conformation  remains  intact  [2].  Modification  of  Trp  residues  by  N- 
formylation  of  the  indole  rings  results  in  inactivation  of  gramicidin  channels 
although  again  the  )363  helix  appears  intact  [3].  The  role  of  Trp  side  chains 
in  ion  transport  must  presumably  result  from  effects  of  side  chain  conformational 
states  and  mobility  on  the  conformational  dynamics  of  the  backbone  and/or 
effects  of  the  indole  ring  dipoles  on  the  electrical  characteristics  of  the  channel. 
Furthermore,  since  they  are  in  direct  contact  with  lipid,  Trp  side  chains  can 
respond  to  bilayer  properties  (tension,  thickness,  fluidity)  which  modulate 
gramicidin  channel  function. 

Besides  acting  as  an  ion  channel,  gramicidin  has  other  membrane-modifying 
properties  including  effects  on  lipid  order,  phase  properties  and  membrane  fusion. 
Trp  residues  have  been  shown  to  be  essential  for  all  of  these  effects  [4],  It  is 
clear  then  that  information  pertaining  to  the  conformational  state  of  these  residues 
is  important  in  understanding  function.  We  have  studied  the  circular  dichroism 
(CD)  observed  in  the  near-UV  region  (340-240  nm)  which  is  sensitive  particularly 
to  the  three-dimensional  arrangement  of  the  (four)  Trp  side-chains  in  the  molecule 
without  contributions  from  the  peptide  bond  chromophores. 
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Results  and  Discussion 

The  near-UV  CD  spectrum  of  gramicidin  D  (80%  gramicidin  A)  in  ethanol 
is  shown  in  Fig.  1.  There  is  a  broad,  rather  weak  positive  ellipticity  between 
260  and  300  nm  with  maxima  at  about  290  and  297  nm.  This  is  comparable 
to  what  has  previously  been  reported  for  gramicidin  in  organic  solution  [5]. 
The  Trp  >Lb  bands  are  responsible  for  the  fine  structure  in  the  longer  wavelength 
region  and  the  broad,  featureless  peak  is  attributed  to  'La  bands.  The  peptide 
concentration  employed  has  been  shown  to  result  in  a  mixture  of  four  dimeric 
forms  of  gramicidin  in  this  solvent  with  an  anti-parallel  double  helix  being 
predominant  [6].  In  the  crystal  structure  of  this  form.  Trp  residues  are  generally 
not  in  close  proximity  and  tend  to  occur  in  orthogonal  pairs  [7];  this  may  be 
responsible  for  the  rather  weak  ellipticity.  The  near-UV  CD  spectrum  of 
gramicidin  in  TFE  or  in  a  mixture  of  acetone  and  DMSO  (not  shown)  where 
the  peptide  has  been  shown  to  be  monomeric  and  without  periodic  structure 
[8]  is  featureless  with  an  ellipticity  near  zero. 

In  contrast,  the  near-UV  CD  spectrum  of  gramicidin  in  dimyristoyl-phos- 
phatidylcholine  (DMPC)  vesicles  (Fig.  1),  in  which  the  peptide  is  in  the  channel 
form  [1],  has  a  pronounced  negative  'La  ellipticity  with  minima  at  285  and 
292  nm  and  local  maxima  at  about  290  and  297  nm  corresponding  to  the  'Lb 
transitions  observed  in  ethanol.  We  have  also  observed  this  pattern  with 
dipalmitoyl-  and  dipalmityl-(ether-linked)  phosphatidylcholines  (not  shown).  This 
clearly  indicates  a  different  arrangement  of  Trp  residues  than  that  occurring 
in  solution.  Indeed  none  of  the  four  dimeric  forms  which  occur  in  organic  solvents 
has  a  negative  >La  ellipticity  [5].  Interestingly,  the  CD  pattern  we  observe  in 
lipids  is  similar  to  that  found  for  the  model  dipeptide  H-Trp-Trp-OH  in  basic 
methanol  [9],  In  that  case,  besides  negative  ellipticity  in  the  near  UV  region, 
a  Trp  exciton  interaction  was  observed  centered  on  the  indole  Bb  transition 
at  about  225  nm.  The  far-UV  CD  of  gramicidin  in  lipids  also  shows  evidence 
of  an  exciton  interaction  centered  on  this  band  [10]  although  peptide  chrom- 


Fig.  I.  (Dashed  line)  Near-UV  CD  spectrum 
of  gramicidin  (7.6  mg/ ml)  in  ethanol  at  room 
temperature.  Error  bars  indicate  the  standard 
deviation  between  three  separate  preparations 
( 10  scans  averaged  per  experiment).  (Solid  line) 
Spectrum  of  gramicidin  (0.08  mg/ ml)  in  dimy- 
ristoyl-phosphatidylcholine  (DMPC)  vesicles 
(0. 83  mg/ ml  lipid)  at  3 (PC.  Standard  deviation 
is  for  five  separate  preparations. 
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ophores  also  play  a  role  in  this  region.  Model-building  studies  of  the  gramicidin 
channel  have  suggested  a  close  apposition  of  Trp9  and  Trp15  side  chains  in  a 
‘stacking’  interaction.  Because  of  their  proximity,  these  residues  would  be  likely 
candidates  for  the  putative  exciton  coupling.  If  this  is  the  case,  the  relative 
orientation  of  these  chromophores  must  not  be  strictly  parallel  (or  perpendicular) 
as  these  conformations  would  have  a  zero  exciton  signal. 

One  might  expect  exciton  effects  to  occur  with  the  L  transitions  as  well;  however, 
both  in  the  dipeptide  case  and  here  with  the  channel  form  of  gramicidin,  these 
couplings  are  not  clearly  evident  in  this  region  of  the  spectrum.  While  there 
is  a  crossover  point  at  about  258  nm,  there  is  no  obvious  transition  centered 
on  this  wavelength;  the  positive  ellipticitv  in  the  region  of  235  nm  has  been 
attributed  to  an  indole  'C  transition  [11].  In  the  case  of  the  Trp-Trp  dipeptide 
the  negative  ellipticity  in  the  near-UV  region  was  attributed  to  a  restriction 
of  the  side-chain  torsional  angles  \|  and  \2  although  one  might  expect  their 
actual  values  and  not  just  their  variability  to  be  important.  Raman  spectroscopy 
has  indicated  a  narrow  range  of  Trp  angles  in  the  channel  form  of  gramicidin 
[12].  This  corroborates  energy  calculations  which  have  indicated  large  barriers 
for  side  chain  rotation  [13].  Indeed  the  near-UV  CD  pattern  we  observe  persists 
at  least  to  70°C  which  is  a  further  indication  of  rather  rigid  side  chain 
conformation(s).  This  rigidity  indicates  that  detailed  information  on  side  chain 
conformation  which  may  be  obtained  from  X-ray  studies  of  grarnicidin/lipid 
co-crystals  [14]  could  be  directly  relevant  to  the  role  these  sidechain  conformers 
play  in  gramicidin  function  under  physiological  conditions. 
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Introduction 

Tachyplesin  I,  a  cationic  heptadecapeptide  amide,  isolated  from  the  hemocyte 
debris  of  horseshoe  crab,  binds  to  lipopolysaccharide  (LPS)  and  significantly 
inhibits  the  LPS-mediated  activation  of  factor  C,  an  initiation  factor  in  the 
Limulus  clotting  cascade  [1],  It  also  inhibits  the  growth  of  Gram-negative  and 
-positive  bacteria.  It  contains  two  disulfide  bonds,  and  six  basic,  four  aromatic 
and  no  acidic  amino  acid  residues  (Fig.  1).  The  >H  NMR  study  indicated  that 
tachyplesin  I  has  two  clusters,  one  composed  of  hydrophobic  bulky  side  chains 
and  the  other  charged  guanidino  side  chains,  and  that  it  forms  intramolecular 
/3-sheet  structure  with  a  /3-turn  [2],  The  amphiphilic  structure  may  play  an 
important  role  in  the  interaction  of  tachyplesin  I  with  LPS  or  bacterial  membranes. 
In  the  present  study,  attention  was  mainly  focused  on  the  roles  of  aromatic 
residues,  Tyr8 13  located  in  hydrophobic  cluster  and  Trp2  in  hydrophilic  one, 
in  the  interaction  with  phospholipid  matrices.  For  the  purpose,  three  analogs 
(Ia-c)  of  tachyplesin  I  were  designed  as  shown  in  Fig.  1. 


Tachyplesin  I 
la 
lb 
Ic 


H-Lys-Trp-Cys-Phe-ArB-Val-Cys-Tyr-Arg-Gly-lle-Cys-Tyr-Arg-Arg-Cys-Arg-NHj 

H-Lys-Trp-Cys-Phe-Arg-Val-Cys-Phe-Arg-Gly-lle-Cys-Phe-Arg-Arg-Cys-Arg-NH* 

H-Lys-Phe-Cya-Phe-Arg-Val-Cya-Tyr-Arg-Gly-lle-Cys-Tyr-Arg-Arg-Cys-Arg-NHi 

H-Lys-Trp-Cys(Acm)-Phe-Arg-Val-Cys(Acm)-Tyr-Arg'Gly-lle-Cys(Acm)-Tyr-Arg- 

-Arg-Cys(Acm)-Arg-NHj 


Fig.  1.  Strucuture  of  tachyplesin  I  and  its  analogs. 


Results  and  Discussion 


Peptides  were  synthesized  by  the  solution  method  and  their  purities  were 
confirmed  by  reverse-phase  HPLC.  The  CD  spectra  of  the  peptides  in  buffer 
(pH  7.4)  showed  a  broad  negative  minimum  around  210  nm  (Fig.  2),  and  were 
similar  to  that  observed  for  gramicidin  S  known  to  have  antiparallel  /3-sheet 
and  /3-turn.  In  acidic  liposomes  prepared  with  egg  PC  and  egg  PG  (3:1), 
tachyplesin  I  and  la  gave  a  broad  negative  CD  band  at  205  nm  and 
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Fig.  2.  CD  spectra  of  tachyplesin  /  and  its  analogs  in  buffer  (A)  and  in  liposomes  composed  of  egg 
PC  and  egg  PG  (3: 1)  (B).  Peptide  and  lipid  concentrations  are  10-40  pM  and  0.9  mM,  respectively. 
Tachyplesin  l  ( - ■).  la  ( - ■).  Ib( - )  and  Ic  ( - ). 


Ib  and  Ic  rather  sharp  CD  band  at  the  same  wavelength.  It  is  known  that  in 
aromatic  amino  acid-rich  peptides,  contribution  of  aromatic  side  chains  to  CD 
spectra  is  dependent  on  their  orientations.  Therefore,  such  difference  in  CD 
spectra  of  the  peptides  in  buffer  and  in  liposomes  suggested  that  orientations 
of  the  Tvr  and  Trp  residues  in  the  molecules  might  be  restricted  in  liposomes 
due  to  the  interaction  with  the  surrounding  lipid  phase.  The  UV  difference  spectra 
produced  by  titrating  the  peptides  with  laurvlphosphorvlcholine  (LPC)  showed 
that  both  Tyr  and  Trp  residues  in  tachyplesin  I  and  its  analogs  orient  to  LPC 
micells  [3].  The  dissociation  constants  for  tachyplesin  I  and  Ia-c  were  4.5,  1 1.0, 
10.2,  and  8.1  (x  1(H  M).  The  ID50  values  of  tachyplesin  I  and  Ia-c  for  neutralizing 
2.5  pg  of  LPS  were  0.92,  1.65,  0.90,  and  1.50  pg.  Such  results  indicate  that 
the  binding  abilities  to  LPC  are  roughly  in  parallel  to  the  LPS-neutralizing 
potencies  and  that  the  Tyr  or  Trp  side  chain  and  the  disulfide  bonds  appear 
to  be  not  necessarily  critical  for  the  interaction  with  lipids. 

Localizations  of  tachyplesin  I  and  its  analogs  (Ia-c)  in  lipid  bilayers  was  studied 
by  fluorescence  spectroscopy  with  egg  PC  and  egg  PG  (3:  1)  liposomes.  The 
fluorescence  spectra  of  tachyplesin  I,  la,  and  Ic  in  buffer  showed  emission  maxima 
at  356,  358,  and  354  nm,  respectively,  when  excited  at  285  nm.  In  the  presence 
of  liposomes,  emission  maxima  shifted  to  shorter  wavelength  by  34,  24,  and 
22  nm,  respectively.  Such  blue  shifts  of  fluorescence  spectra  can  be  explained 
in  terms  of  translocation  of  the  Trp  residue  from  a  polar  to  an  apolar  region 
of  lipid  bilayers. 

Conformation  of  tachyplesin  I  was  studied  by  measuring  energy  transfer,  on 
the  basis  of  emission  spectra,  from  the  Tyr(s)  to  Trp  residue  using  tachyplesin 
I  and  la  (reference).  In  buffer,  greater  fluorescence  intensity  of  Trp  in  tachyplesin 
I  than  that  in  la  indicated  that  the  Trp  and  Tyr  residues  in  tachyplesin  I  have 
orientations  capable  of  interacting  with  each  other.  These  results  suggest  that. 


251 


.V.  G.  Park  et  al. 


as  proposed  by  NMR  experiment  [2],  tachyplesin  I  is  in  a  form  of  an  amphiphilic 
antiparallel  /8-structure  because  the  Trp  and  Tyr  residues  are  oriented  at  the 
same  side  in  such  conformation.  Furthermore,  energy  transfer  in  acidic  liposomes 
was  greater  than  that  in  buffer,  suggesting  that  both  Trp  and  Tyr  residues  are 
more  closely  positioned  in  relation  to  each  other  in  acidic  liposomes  than  in 
buffer.  On  the  basis  of  the  efficiency  of  energy  transfer,  the  distance  between 
the  Trp  and  Tvr  residues  is  calculated  to  be  18.0  A  in  buffer  and  12.4  A  in 
acidic  liposomes  by  using  Forster  equation  [4],  On  the  other  hand,  the  distances 
from  Trp:  to  Tvr8  and  Tyr1-5  are  estimated  to  be  about  19  and  13  A.  respectively, 
when  tachyplesin  I  is  in  a  form  of  antiparallel  /8-structure.  Thus,  it  could  be 
assumed  that  in  buffer  energy  transfer  occurs  in  a  large  part  between  Trp;  and 
Tyr"  while  in  acidic  liposomes  it  occurs  mainly  between  Trp:  and  Tyr1’,  possibly 
based  on  the  changes  in  orientations  of  the  aromatic  residues  in  the  different 
media. 

The  present  CD  and  energy  transfer  experiments  strongly  suggested  that 
tachyplesin  I  has  an  amphiphilic  antiparallel  /3-structure  in  buffer.  In  the  presence 
of  acidic  liposomes,  it  is  likely  that  tachyplesin  I  lies  horizontally  on  membrane 
such  that  the  aromatic  hydrophobic  side  in  the  /8-structure  is  embedded  to  some 
extent  in  the  membrane. 
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Introduction 

A  conformational  study  by  >H  NMR  spectroscopy  was  performed  on  a  series 
of  cyclic  opioid  tetrapeptide  analogs,  including  H-Tyr-p-Orn-Phe-Gju-NHU  (po¬ 
tent,  slightly  m  receptor-selective),  H-Tyr-p-Orn-p-Phe-Glu-NH2  (weakly  active) 
and  H-Tyr-D-Orn-Aic-Glu-NH2  (potent,  highly  ^-selective)  [1],  The  presence  of 

the  2-aminoindane-2-carboxylic  acid  (Aic)  residue  in  the  3-position  of  the  latter 
analog  restricts  both  side-chain  flexibility  and  the  range  of  accessible  <£, 
backbone  angles  around  that  residue. 

Results  and  Discussion 

The  ‘H  NMR  spectra  of  the  purified  peptides  dissolved  in  DMSO-d6  exhibited 
multiple  resonances  for  the  analogs  Fl-Tyr-p-Orn-Phe-Glu-NFF  and  H-Tvr-p- 

i _ l 

Orn-Aic-Glu-NH2  but  not  for  H-Tyr-D-Orn-D-Phe-Glu-NH->.  Resonance  assign- 
i - 1  l _ l 

ments  were  made  by  analysis  of  the  2-D  DQF-COSY  and  TOCSY  spectra.  The 

2-D  ROESY  spectrum  of  H-Tyr-p-Orn-Phe-Gju-NH2  showed  that  a  cis-peptide 

bond  containing  isomer  accounted  for  27%  of  the  total  (Fig.  1).  The  cis-peptide 
bond  is  that  between  the  p  Orn  and  Phe  residues.  Similar  observations  of  cis- 
peptide  bonds  have  been  reported  by  Mierke  et  al.  for  cyclic  enkephalin  analogs 
[2].  The  ROESY  spectrum  also  showed  that  there  was  chemical  exchange  occurring 
between  the  all  trans-isomer  (62%)  and  a  third  unidentified  isomer  (11%),  but 
not  between  the  all  trans-  and  cis-isomers  (Fig.  1).  The  ROESY  spectrum  of 
the  analog  H-p-Orn-Phe-Gju-NH2,  (consisting  of  only  the  cyclic  portion  of  the 

peptide),  also  showed  the  existence  of  three  isomers  one  having  the  same  o- 
Orn-Phe  cis-peptide  bond.  It  also  showed  chemical  exchange  peaks  between  the 
all  trans-  and  both  of  the  two  other  isomers.  This  would  suggest  that  cis-trans 
isomerization  is  occurring  for  the  peptide  H-Tyr-p-Orn-Phe-Glu-NH2,  but  that 

it  is  slow  on  the  NMR  timescale.  Chemical  exchange  crosspeaks  were  also  observed 
between  the  two  conformers  of  the  peptide  H-Tyr-p-Orn-Aic-Glu-NH2.  In  this 

case  no  evidence  for  a  cis-peptide  bond  was  observed.  These  results  indicate 
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f  1  (PP"») 


Fig.  I.  Expansion  of  the  2-D  ROESY  spectrum 
of  H-Tyr-p-Orn-Phe-Glu-NH\  The  diagonal  and 

the  filled  crosspeaks  have  positive  intensity,  the 
latter  indicating  chemical  exchange.  The  empty 
crosspeaks  have  negative  intensity  and  show  the 
SOF.s. 


that  configurational  inversion  of  the  Phe1  residue  or  its  conformational  restriction 
have  a  major  influence  on  the  conformational  flexibility  of  the  14-membered 
peptide  ring  structure  in  these  analogs,  as  indicated  by  the  fact  that  cis-trans 
isomerization  was  observed  only  in  the  case  of  the  L-PheJ  analog. 

The  volume  integrals  of  the  NOE  crosspeaks  in  each  of  the  ROESY  spectra 
were  measured  to  determine  the  inter-proton  distances.  These  distances  will  be 
combined  with  the  dihedral  angles  to  be  determined  from  the  scalar  coupling 
constants,  obtained  from  PE  COSY  spectra,  as  constraints  in  molecular  mechanics 
calculations  to  determine  the  unique  structures  of  these  peptides  in  solution. 
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Introduction 

Theoretical  conformational  analysis  of  several  conformationallv  restricted 
cyclic  dermorphin  analogs  showed  that  the  exocyclic  Tyr1  residue  and  the  Phe3 
side  chain  in  these  compounds  still  have  considerable  orientational  freedom  [1]. 
We  recently  prepared  several  conformationallv  restricted  (cyclic)  analogs  of 
phenylalanine  and  substituted  them  for  Phe3  in  the  potent  and  slightly  n  receptor- 
selective  cyclic  opioid  peptide  analog  H-Tyr-D-Orn-Phe-Glu-NH2  [2].  We  describe 

here  molecular  dynamics  simulations  using  the  software  package  SYBYL  (Tripos, 
St.  Louis)  of  this  peptide  as  well  as  of  the  potent  and  highly  /i-selective  analogs 
H-Tyr-D-Orn-Aic-Glu-NH2  (Aic  =  2-aminoindan-2-carboxylic  acid),  H-Tyr-D- 

Orn-Atc-Giu-NH-)  and  H-Tyr-D-Orn-D-Atc-Glu-NH-.  (Atc  =  2-aminotetralin-2- 

i - 1  '  i _ i 

carboxylic  acid),  and  of  the  weakly  active  analog  H-Tyr-D-Orn-Tic-Glu-NH2 

(Tic  =  tetrahydroisoquinoline-3-carboxylic  acid).  Four  different  starting  confor¬ 
mations  obtained  from  molecular  mechanics  studies  were  chosen  for  each  peptide, 
and  after  equilibration,  each  simulation  was  allowed  to  proceed  for  100  pico¬ 
seconds  (ps)  at  600°  K.  The  dynamics  trajectories  were  analyzed  for  selected 
distances  and  all  torsional  angles  were  monitored.  Conformations  were  sampled 
along  each  trajectory  and  minimized,  as  well  as  combined  to  show  the  accessible 
conformational  space  of  the  various  residues  in  each  analog. 

Results  and  Discussion 

The  14-membered  ring  structures  in  the  Phe-,  Aic-,  l-  and  D-Atc-containing 
analogs  showed  moderate  structural  flexibility,  while  the  peptide  ring  in  the 
Tic-containing  analog  was  rigid  in  two  of  the  four  simulations.  The  d>s  and 
i/h  angles  of  the  Aic-  and  d-  and  L-Atc-containing  peptides  assumed  values  of 
either  about  +  50°  or  about  -50°  during  almost  the  entire  period  of  the  simulations, 
in  agreement  with  theoretical  results  obtained  for  C°-alkylated  amino  acids  [3]. 
In  the  Tic-analog  the  <t> 3  and  i angles  observed  were  0°  and  90°,  respectively, 
and  did  not  change  for  the  entire  duration  of  the  simulation.  This  observation 
reflects  the  structural  rigidity  of  the  peptide  backbone  at  the  3-position  as  well 
as  the  fact  that  the  bond  defining  the  d>3  angle  is  part  of  two  fused  ring  structures. 
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/  it;.  I.  20  snapshots  of  H-Tvr-i>-Orn-Phe-Glu-NH  ■  ( 1).  H- 

L. _ _ _ I 

Tvr-n-Orn-Atc-Glu-NH -  f2).  H-Tvr-o-Orn-Atc-Glu-NH  < 
i _ i  "  ’  l _ I 

(3).  and  H-T\r-D-Orn-Tic-Glu-NH2  (4),  taken  along  the 

dynamics  trajectories.  Hydrogen  atoms  were  omitted  for 
clarity. 


As  expected,  the  side  chains  of  the  constrained  amino  acids  showed  limited 
movement,  but  transitions  between  the  allowed  conformations  did  occur  on  the 
time  scale  of  the  simulations.  Inspection  of  snapshots  taken  at  5  ps  intervals 
during  each  trajectory  revealed  the  high  degree  of  side  chain  conformational 
restriction  achieved  at  the  3-position  of  these  peptides  (Fig.  1).  One  interesting 
aspect  of  the  5-membered  ring  of  the  Aic  side  chain  was  that  it  underwent 
a  greater  number  of  conformational  transitions  than  the  6-membered  ring 
contained  in  Ate  and  Tic,  but  covered  a  smaller  volume  of  conformational  space. 
Thus,  the  relative  flexibility  of  these  constrained  amino  acids  in  the  peptide 
analogs  was  Phe>Aic>L-  and  D-Atc  =  Tic,  but  the  relative  volume  of  con¬ 
formational  space  visited  by  these  same  residues  was  Phe>L-  and  d- 
Atc  =  Tic>  Aic.  In  all  compounds  studied  the  exocyclic  Tyr1  residue  enjoyed 
the  greatest  structural  flexibility  and  covered  a  large  volume  of  conformational 
space.  Active  analogs  of  this  type  with  conformationally  restricted  tyrosine 
analogs  in  place  of  Tyr1  will  have  to  be  examined  to  obtain  insight  into  the 
n  receptor-bound  conformation. 
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Introduction 

A  growing  interest  in  the  SAR  of  bioactive  peptides  has  directed  numerous 
studies  towards  the  construction  of  more  rigid,  or  partially  constrained,  molecules, 
to  better  define  the  position  of  pharmacophoric  groups.  Angiotensin  II  (All), 
a  hormone  of  diverse  action  which  has  been  intensively  studied,  remains  a  problem 
with  several  different  proposals  for  the  ‘active  structure’.  From  our  early  studies 
of  active  analogs  of  All  emerged  the  idea  of  the  receptor-bound  conformation 
with  a  bend  in  the  middle  of  molecule  [1].  Recent  support  for  this  concept 
came  from  the  synthesis  by  two  groups  [2,3]  of  cyclic  analogs  bridged  via  a 
disulfide  bond  between  the  side-chains  of  residues  three  and  five.  In  order  to 
impose  additional  constraints,  cis-,  or  trans-4-L-mercaptoproline  Pro(c-4-S)  or 
Pro(t-4-S)  were  substituted  together  with  cysteine,  or  homocysteine  (Hey),  in 
positions  3  and  5.  Synthetic  problems  associated  with  the  preparation  of  these 
analogs  and  their  conformational  analysis  by  'H  NMR  studies  are  presented 
in  this  report. 

Results  and  Discussion 

Various  analogs  of  All  containing  Cys,  Hey,  Pro(c-4-S)  and  Pro(t-4-S)  in 
position  3  and  5  were  synthesized  by  SPPS,  using  the  BOC  strategy,  p- 
Methylbenzyl  and  acetamidomethyl  groups  were  chosen  as  sulfhydryl  protection. 
Usually  crude,  linear  peptides  were  subjected  to  the  oxidation  reactions.  We 
found  [Fe(CN)6]3~  extremely  unsuitable  as  the  oxidizing  reagent  for  intramolecular 
3,5  disulfide  bridge  formation.  Negligible  amount  to  no  cyclic  monomer  were 
frequently  found  in  the  reaction  mixture  resulting  from  the  use  of  this  oxidizing 
agent.  We  showed  the  formation  of  the  cyclic,  antiparallel  homodimer  as  a  main 
product  during  oxidation  of  [Sar1,  Cys3-5]AII.  When  additional  constraints  were 
imposed  on  the  molecule  by  introduction  of  4-L-mercaptoproline  analogs  in  either 
of  the  two  positions,  a  multiproduct  postreaction  mixture  was  obtained.  FAB 
mass  spectra  can  provide  misleading  information,  if  the  dimer  is  not  an  objective 
of  the  study,  as  monomer  peaks  are  routinely  lound.  When  the  oxidation  of 
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compounds  bearing  -SH  and  -S(Acm)  or  two  -S(Acm)  groups  was  performed 
together  with  the  rather  commonly  applied  4-fold  excess  of  iodine  in  the  mixture 
of  MeOH/AcOH/H20,  the  formation  of  a  cyclic,  parallel  dimer  precursor  was 
found  which  could  further  be  oxidized  to  the  parallel  dimer.  The  structure  of 
this  compound  was  proven  by  chymotrypsin  hydrolysis  and  FAB  mass  spec¬ 
troscopy. 

Fast  oxidation  reactions  carried  out  in  80%  AcOH  with  a  large  excess  of 
iodine  (thus  proceeding  under  kinetically  favorable  conditions)  were  found  to 
be  superior  in  these  cases  when  high  energy  cyclic  substructures  (according  to 
our  theoretical  calculations)  [4]  were  supposed  to  be  formed.  The  spontaneous 
formation  of  3-5', 5-3'  cyclic  antiparallel  dimers  (C2  symmetry)  under  the 
thermodynamically  controlled  conditions  (the  low  reaction  rates  with  the  pos- 
sibility  of  thiol-disulfide  interchange)  shows  that  dimerization  is  not  only  possible, 
but  energetically  preferable  within  this  group  of  compounds. 

NMR  Results 

l3C  and  >H  NMR,  600  MHz  HOHAHA  and  ROESY  experiments  of  cyclo[Sarl, 
Cys35]AII  and  the  antiparallel  dimer,  3-5’,5-3',bis[Sarl,Cys35]AII,  in  DMSO  and 
H20  have  been  performed.  The  complete  sequential  NOE  of  the  cyclic  monomer 
in  H20  was  solved  through  the  partial  ‘simulation’  based  on  its  TOCSY  spectra 
taken  in  H20  and  DMSO  and  the  presence  of  three  NOE  peaks  originated  from 
dipolar  interactions.  Determination  of  the  temperature  dependence  of  the 
chemical  shift  togethr;  „uh  the  observed  medium-  and  long-range  NOESY  cross- 
correlation  peaks  confirmed  both  structures.  The  monomer  shows  a  strong 
hydrogen  bond  involving  the  amide  hydrogen  of  Cvs5  suggesting  a  y-turn 
conformation  similar  to  that  seen  by  Kishore  and  Balaram  for  the  cyclic  tripeptide, 
Ac-Cvs-Ala-Cvs-NHMe  [5].  Only  trans-amide  conformers  of  the  His6-Pro7  bond 
were  observed  for  the  monomer  in  both  solvents,  while  the  13C  NMR  spectrum 
of  the  dimer  in  H20  revealed  a  very  low  fraction  of  the  cis-isomer  (two  sets 
of  p  and  y  protons  of  proline);  the  population  of  this  isomer  was  increased 
in  DMSO.  Interestingly,  the  positions  of  both  a-protons  of  Cys3  and  Cys5  in 
the  antiparallel  arrangement  of  the  All  dimer  are  shifted  towards  lower  field 
(5 <5  ppm);  the  direction  observed  also  by  Balaram  et  al.  [6]  for  the  antiparallel 
dimer  of  Boc-Cys-Ala-Cys-NH2  whose  crystal  structure  has  been  determined 
(I.  Karle,  crystallographic  data  [7]).  The  amide  hydrogens  of  Tyr  4  and  4'  are 
strongly  hydrogen  bonded  consistent  with  their  presence  in  an  antiparallel  pattern 
in  the  disulfide  bridged  structure.  Additional  support  comes  from  NOE  cross- 
peaks  between  the  /3-protons  of  Cys5  and  the  amide  proton  of  His6  and  the 
/3-protons  of  Arg2  and  the  amide  proton  of  Cys3. 
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Introduction 

The  receptor-bound  conformation  of  angiotensin  II  (All,  Asp'-Arg^-VaP-Tyr4- 
Val5-His6-Pro7-Phe8)  has  been  suggested  [1]  to  possess  a  turn  centered  on  residues 
3-5  based  on  the  activity  of  [Phe(aMe)4]-AII,  [Pro3]-AII  and  [Pro5]-AII. 
Cyclization  by  side-chain  disulfide  formation  between  Cys  or  homoCys  residues 
incorporated  at  positions  three  and  five  in  All  led  to  potent  agonists  and 
antagonists  [2,3].  In  order  to  further  define  the  receptor-'  juuu  conformation, 
a  series  of  bicyclic  and  tricyclic  analogs  of  All  nave  been  prepared  based  on 
mercaptoproline  analogs  (4-trans  and  4-cis;  in  positions  3  and  5  to  constrain 
the  peptide  backbone  even  further. 

Results  and  Discussion 

The  effects  of  these  and  other  side-chain  cvclizations  between  residues  i  and 
i  +  2  on  restriction  of  the  allowed  backbone  conformations  has  been  modeled 
using  a  systematic  search  approach.  The  SYBYL  molecular  modeling  program 


Table!  Binding  assays 


Analog 

Binding  Affinity 

Type  I  (rat  liver) 

Type  II  (rabbit  uterus) 

Angiotensin  II 

l.Ox  10" 

2.5  x  I0-13 

[Sar1,  Cys35]-AII 

8.4  x  10" 

2.7  x  l(H 

[Sar',  HCysJ-5]-AII 

1.3  x  10" 

8.0  x  I0-* 

[Sar'.  Cys '-5]- A  IP 
[Sar',  Cys3,  HCys5l-AII 

2.8  x  10-" 

6.5  x  10" 

2.6  x  10" 

2.8  x  10" 

[Sar1.  c-4-Mpr3,  HCys'l-AII 

1.7 x  10" 

5.7  x  10" 

[Sar1  t-4-Mpr3.  HCvs5]-AlI 

2.9 x  10" 

4.7  x  10- 'o 

[Sar1,  Cvs3.  t-4-Mpr5[-AII 

1.8  x  10" 

8.2  x  I0-"1 

[Sar1.  HCvs3,  t-4-Mprs]-AH 

1.3  •  lO13 

6.5  x  10-"’ 

[Sar'.c-4-Mpr3.  Cys3|-AIP 

l.l  x  I0-7 

2.5  x  10" 

[Sar',  c-4-Mpr3,  Cys5l-AIlh 

1.9  x  10-7 

2.3  x  10" 

[Sar1.  Asp3.  Lys5)-AII 

1.2  <  10" 

5.3  x  10" 

J  Antiparallel  dimer. 
h  Parallel  dimer. 
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was  used  to  sample  all  sterically  allowed  conformations  of  the  cyclic  ring  systems 
at  a  10°  increment.  The  use  of  the  relatively  rigid  proline  ring  to  fix  the  sidechain 
used  in  cyclization  has  a  dramatic  effect  on  reducing  the  conformational  flexibility 
on  the  resultant  bicyclic  ring  systems  and  further  defines  the  receptor-bound 
conformation  of  All.  Analysis  of  the  accessible  conformations  available  to  the 
ring  systems  composed  of  Cys-Ala-Cys,  or  Hcy-Ala-Hcv.  show  a  dramatic 
restriction  of  conformations  to  helical  values  for  the  central  Ala  residue  in  the 
case  of  Cys-Ala-Cys.  In  the  case  of  Hcv-Ala-Hcv.  a  Ramachandran  plot  for 
the  central  Ala  residue  is  essentially  no  different  than  that  for  Ac-Ala-NH-CHV 
This  implies  that  the  cyclization  through  the  longer  Hcv  residues  imposes  little 
conformational  constraint  on  the  backbone  conformation  of  the  central  single 
residue.  The  degrees  of  freedom  lost  upon  cyclization  have  been  compromised 
by  the  additional  bonds  in  the  cycle.  To  further  understand  these  effects, 
compatability  of  cyclic  constraints  with  /3-turn  conformations  was  examined. 

Cyclic  All  monomers  and  dimers 

Boc-Pro(c/j-4-S-MBzl)  and  Boc-Pro(/ra«j-4-S-MBzl)  were  incorporated  into 
position  3  and/or  5  of  angiotensin  II  analogs  utilizing  normal  solid  phase  synthesis 
protocols.  After  HF  cleavage,  the  peptides  were  carefully  oxidized  with  a  large 
excess  of  I2  in  HOAc  to  obtain  monomers,  or  by  more  standard  oxidation 
conditions  to  obtain  the  antiparallel  dimer.  Two  cyclic  lactam  analogs  in  which 
position  3  contained  the  carboxyl  bearing  residue  (Asp  or  Glu)  and  position 
5  contained  the  amine  bearing  side  chain  (Orn  or  Lys)  have  been  prepared  using 
a  solid  phase  protocol  which  allowed  resin-bound  cyclization. 

Biological  activity 

Binding  assays  were  performed  with  both  rat  liver  and  rabbit  uterus  tissue 
in  order  to  measure  the  affinity  for  the  two  types  of  angiotensin  receptors 
(Table  1). 

These  results  indicate  that  bicyclically  contrained  analogs  of  All  bind  more 
tightly  to  the  type  II  receptor  than  does  All  itself  suggesting  that  their 
conformation  may  mimic  that  of  the  receptor-bound  conformation.  A  constrained 
analog,  [Sar1,  HCys3,  t-4-Mpr5]-AII,  binds  almost  as  tightly  to  the  type  I  receptor 
as  All  itself  suggesting  it  as  a  candidate  for  further  study. 
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Introduction 

Gonadotropin  releasing  hormone  (GnRH),  a  linear  decapeptide  hormone, 
regulates  ovulation  and  spermatogenesis  through  stimulation  of  the  pituitary 
to  release  luteinizing  hormone  (LH)  and  follicle-stimulating  hormone  (FSH). 
There  is  considerable  interest  in  designing  GnRH  antagonists  as  non-steroidal 
contraceptives,  and  for  treatment  of  hormone  dependent  tumor  growth  and 
abnormal  hormonal  conditions  [1].  Since  the  structure  of  the  GnRH  receptor 
binding  site  is  unknown,  and  the  native  linear  peptide  is  flexible,  our  approach 
has  been  to  design  progressively  more  constrained  cyclic  analogs  with  increasing 
in  vivo  bioactivity  (as  characterized  by  binding  and  anti-ovulatory  assays)  [2], 
NMR  and  molecular  modeling  studies  have  guided  the  design  and  resulted  in 
a  highly  potent  bicyclic  antagonist,  bicyclo  (4-10,  5-8)  Ac-D-2Nal*,  D-pCIPhe2, 
o-Trp3,  Asp4,  Glu5,  D-Arg6,  Leu7,  Lys8,  Pro9,  Dpr10-NH2  [3,4].  We  now  report 
the  conformation  of  this  highly  potent  bicyclic  antagonist  from  NMR  combined 
with  molecular  dynamics  simulations  to  further  refine  our  model  of  the  bioactive 
conformation  of  GnRH. 

Results  and  Discussion 

NMR  data  suggest  that  the  major  conformer  present  (in  DMSO-d6/CDCl3 
and  TFE/H20)  is  the  all-trans  peptide  form.  Major  structural  features  include 

Table  I  NOEs  which  determine  structure  and  orientation  of  the  'tail'  (formed  by  residues 
l  to  3) 

NOE  Size  NOE  Size 

F2  NH/W3  NH  medium  W3  NH/F2  H0,  small 

W3  NH/D4  NH  large  D4  NH/W3  Hj32  small 

D4  a/P9  a  small  D4  NH/W3  H0,  small 
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Fig.  I.  Conformation  of  the  bicyclo(4-I0.5-8)  GnRH  antagonist  indicating  hydrogen  bonding  patterns 
suggested  from  molecular  dynamics.  The  Leu '  NH.  Lys'  NH  and  Lys  NH:  hydrogen  bonding  partner 
is  the  Glu'  CO.  the  n-Trp  'NH  hydrogen  bonding  partner  is  the  Glu '  carbonyl  (5-8  bridge),  and  the 
Glu!  NH  hydrogen  bonding  partner  is  the  Lys11  CO. 

a  Type  II’  /?  turn  around  residues  GIu5-n-Arg6-Leu7-Lys\  believed  to  be  required 
for  GnRH  bioactivitv,  and  observed  in  previously  studied  analogs  [5],  The  low 
temperature  dependence  of  the  Glu5  and  Lys*  amides  together  with  the  NOE 
data,  provide  evidence  for  the  presence  of  two  transannular  hydrogen  bonds 
involving  Lys8  and  Glu5  carbonyls  as  respective  hydrogen  bonding  partners. 
These  two  transannular  hydrogen  bonds  combined  with  a  transannular  Asp4 
Ha  and  Pro9  Ha  NOE  suggest  a  '/?  sheet-like'  structure  for  the  main  ring,  similar 
to  the  shape  proposed  for  the  first  1-10  cyclo  antagonist  studied  [5].  This  Asp4 
Ha-Pro9  Ha  NOE  (Table  1),  also  supports  a  structure  with  the  ‘tail’  of  the 
molecule  (formed  by  residues  1  to  3)  located  above  the  main  ring.  The  NH- 
NH,  and  NH-H^  NOEs  (Table  1)  involving  residues  2,  3,  and  4,  together  with 
the  low  temperature  dependence  of  the  D-Trp  3NH  indicate  a  more  defined 
structure  in  the  ‘tail’  than  seen  in  previously  studied  analogs  [6,7],  The  low 
temperature  dependence  of  the  Leu7  NH,  Lys8  NH^,  and  D-Trp  3NH  indicate 
that  these  amides  are  solvent  sequestered  and  molecular  dynamics  suggests 
accessible  hydrogen  bonding  partners  (Fig.  1).  Constrained  molecular  dynamics 
studies,  applying  NMR  interproton  distances  and  proposed  hydrogen  bonds  reveal 
a  well-defined  family  of  closely  related  conformers  which  include  all  these  NMR- 
defined  features,  and  suggests  the  design  of  more  highly  constrained  tricyclic 
analogs  which  bridge  the  1-3  tripeptide  ‘tail’  with  the  main  ring. 
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Introduction 

The  most  general  requirement  for  protein  secretion  is  the  presence  of  a  signal 
sequence  in  the  nascent  polypeptide  chain.  However,  the  roles  of  signal  sequences 
and  their  interactions  with  the  export  apparatus  are  not  well  understood  [1]. 
Isolated  signal  peptides  corresponding  to  export-competent  sequences  have  a 
high  tendency  to  adopt  a-helical  conformations  in  membrane-mimetic  environ¬ 
ments  and  a  high  affinity  for  lipid  bilayers  [2].  In  the  LamB  (£.  coli)  signal 
peptide  dissolved  in  TFE-H20  1 : 1  (v/v),  a-helix  is  most  stable  in  the  hydrophobic 
core  and  extends  towards  the  C-terminus  [3].  Similar  results  have  been  obtained 
for  the  £.  coli  OmpA  signal  sequence  [Rizo  et  al.,  in  preparation].  We  have 
now  studied  synthetic  peptides  corresponding  to  the  wild-type  OmpA  signal 
peptide  plus  the  first  four  residues  of  the  mature  protein  (MKKTAIAIAVA- 
LAGFATVAQA/APKD),  and  several  mutant  sequences,  in  SDS  micelles.  The 
mutants  studied  are  L6L8  (1618  —  L,L),  which  has  wild-type  phenotype;  A8,  a 
mutant  with  a  kinetic  defect;  and  the  export  defective  mutant  A6-9  [4], 

Results  and  Discussion 

Significant  content  of  a-helix  is  observed  for  all  the  peptides  by  CD  in  SDS 
micelles.  The  percentage  of  helix  estimated  by  the  method  of  Chen  et  al.  [5] 
is  about  60%  for  wild-type,  L6L8  and  A8,  and  25%  for  A6-9.  To  study  the 
location  and  stability  of  the  helix,  we  used  2D-NMR  in  300  mM  SDS  at  pH 
2.5.  The  wild-type  peptide  produced  aggregates  even  under  conditions  and  could 
not  be  studied  by  NMR.  Broad  lines  and  strong  NOEs  characterize  the  spectra 
of  the  other  peptides.  The  broadening  is  substantially  greater  for  the  functional 
mutant,  L6L8,  which  suggests  a  stronger  association  of  this  peptide  with  the 
micelle.  The  NOESY  patterns  observed  for  the  three  peptides  is  characteristic 
[6]  of  an  a-helix  extending  through  most  of  the  sequence:  NH(i)/NH(i  + 1), 
Ha(i)/NH(i  +  3)  and  Ha(i)/H/3(i  +  3)  interactions  are  observed  from  the  second 
residue  to  the  last  alanine.  The  size  of  these  interactions  suggests  that  the  most 
stable  part  of  the  helix  is  located  in  the  hydrophobic  core,  but  it  is  difficult 
to  make  detailed  comparisons  among  the  three  peptides  from  the  NOE  data. 
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Residue  number 

Fig.  1.  Conformational  shifts  for  the  L6L8.  ±8  and  ±6-9  mutants  in  300  mM  aqueous  SDS.  pH 
2.5  (solid  lines)  and  in  TFE/H.O  I :  I  (v/v).  pH  2.5  (dashed  lines).  The  difference  between  the  observed 
Ha  chemical  shifts  and  random  coil  (RC)  values  described  for  model  peptides  [6]  is  represented  as 
a  function  of  the  residue  number. 


Additional  information  was  obtained  from  the  chemical  shifts  of  the  Ha  protons. 
Statistics  from  five  representative  proteins  [7]  indicate  that  the  Ha  resonances 
of  residues  in  an  a-helix  are  shifted,  on  average,  0.35  ppm  upfield  with  respect 
to  random  coil  values  [6].  The  average  of  the  Ha  upfield  shifts  for  all  residues 
in  the  sequence  is  0.25,  0.23  and  0.18  ppm  for  the  L6L8,  A8  and  A6-9  mutants, 
respectively.  These  results  parallel  those  obtained  by  CD.  The  distribution  of 
these  upfield  shifts  is  represented  in  Fig.  1,  where  it  is  compared  with  results 
obtained  in  TFE/H20.  Most  of  the  helix  lost  in  A6-9,  by  comparison  with 
L6L8  and  A8,  corresponds  to  the  hydrophobic  core  where  there  are  four  residues 
missing.  For  the  kinetically  defective  mutant,  A8.  and  especially  for  the  functional 
mutant,  L6L8,  the  helix  comprises  most  of  the  sequence.  Notably,  the  helix 
is  stabilized  in  the  N-terminus,  as  compared  with  the  data  in  TFE/HiO.  This 
finding  suggests  that  the  negative  headgroups  of  the  detergent  neutralize  the 
positive  charges  in  the  N-terminus,  and  hence  stabilize  the  helix  by  compensation 
of  the  helix  dipole  [8]. 

When  A8  and  A6-9  were  dissolved  in  300  mM  SDS  in  D20  (final  pD  2.9), 
most  amides  were  exchanged  after  two  hours.  In  an  analogous  experiment  with 
L6L8,  protonated  amides  could  still  be  observed  after  four  hours  of  exchange 
in  the  region  encompassing  Thr4  through  Val18,  and  even  after  54  h  in  the  central 
part  of  the  hydrophobic  core  (Leu8  to  Leu12).  As  similar  a-helicai  content  exists 
in  L6L8  and  A8,  the  enhanced  protection  of  the  amides  in  the  functional  peptide 
most  likely  reflects  a  more  intimate  association  with  the  micelle.  These  results 
reinforce  our  hypothesis  that  functional  signal  peptides  insert  spontaneously  into 
a  membrane  in  an  a-helical  conformation  and  offer  a  more  detailed  picture 
of  the  membrane  associated  conformation. 
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Introduction 

Considerable  evidence  exists  for  the  plurifunctional  properties  of  human  growth 
hormone  (hGH)  including  growth  promotion,  lactogenic  action,  diabetogenic 
properties  and  hypoglycaemic  action.  Recent  studies  from  these  laboratories  have 
documented  that  synthetic  peptides  related  to  the  amino  terminal  sequence  of 
hGH  can  mimic  the  hypoglycaemic  action  associated  with  glucose  metabolism 
[1-3].  These  investigations  have  indicated  that  the  /3-aspartimide  hGH[6-13] 
(I),  Fig.  1,  derived  from  the  octapeptide  Leu-Ser-Arg-Leu-Phe-Asp-Asn-Ala  (2), 
has  potent  msulin-potentiating  action  in  vitro  and  in  vivo,  enhancing  glucose 
transport  and  modulating  intracellular  glycolytic  enzymes.  Our  associated  in- 
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Fig.  I.  Structures  of  the  hGH(6-13)  peptide  analogs  and  the  y -lactam  synthons  used  in  the  solid 
phase  peptide  synthesis. 
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vestigations  have  lead  to  the  development  of  synthetic  routes  to  a  new  class 
of  7-lactam  structure  (3),  as  a  constrained  synthon  for  use  in  peptide  synthesis, 
which  structurally  mimics  this  /3-aspartimide  moiety.  This  new  synthon  com¬ 
plements  the  type  II  /3-turn  7-lactam  motif  (4),  earlier  pioneered  by  Freidinger 
and  coworkers  [4].  In  order  to  gain  further  insight  into  the  mode  of  action 
of  the  /3-aspartimide  hGH[6-13]  (1),  as  well  as  delineate  the  structure-activity 
requirements  of  hypoglycaemic  analogs  for  enhanced  potency  in  terms  of  their 
electronic,  conformational  and  rekutu  physicochemical  parameters,  we  have 
undertaken  the  synthesis  of  peptide  analogs  to  1,  with  the  incorporation  of  both 
types  of  y-lactam  structure  in  place  of  the  /3-aspartimide  moiety. 

Results  and  Discussion 

The  SPPS  of  the  7-lactam  analogs  5  and  6  related  to  the  /3-aspartimide  hGH[6- 
13]  (1)  was  carried  out  on  a  benzhydrylamine  resin  and  followed  a  strategy 
recently  developed  by  Ede  et  al.  [2,3,5],  using  either  Boc  or  Fmoc  strategies. 
Their  homogeneity  was  confirmed  by  analytical  RPHPLC  in  several  different 
ion-pairing  systems  based  on  methods  described  previously  [6],  and  the  structures 
verified  by  AAA,  automated  Edman  sequencing  and  300  MHz  'H  NMR 
spectroscopy.  It  is  interesting  to  note  that  incorporation  of  either  of  the  two 
lactam  synthons  3  and  4  proceed  in  very  high  yield  as  a  single  coupling  step 
as  assessed  by  quantitative  analysis  during  the  synthesis.  In  the  synthesis  of 
the  peptide  analog  6,  the  racemic  lactam  synthon  3,  R  =  H,  was  employed.  Specific 
synthetic  routes  to  the  enantiomeric  lactam  synthon  3,  R  =  H  have  also  been 
developed  and  the  routes  to  these  compounds  will  be  described  elsewhere  [5], 

The  biological  activity  of  the  synthetic  peptide  analogs  related  to  hGH[6- 
13]  was  investigated  in  the  intravenous  insulin  tolerance  test  with  overnight  fasted 
male  albino  Wistar  rats.  Blood  glucose  depletion  from  basal  levels,  determined 
following  intravenous  injection  of  saline  (sham  controls)  or  peptide  (test)  with 
insulin  (100  mU/kg  body  wt,  control),  was  monitored  at  predetermined  10  min 
intervals.  A  representative  result  at  time +  90  min  following  injection  is  shown 
in  Fig.  2.  As  evident  from  these  results  a  strong  hypoglycaemic  effect  on  basal 
blood  glucose  in  normal,  fasted  rats  is  seen  with  the  enantiomeric  7-lactam 
5  and  the  /3-aspartimide  1  at  90  min  duration.  These  studies  have  also  confirmed 
that  the  isomeric,  racemic  7-lactam  6  has  only  a  weak  hypoglycaemic  response 
up  to  ca.  20  min  but  more  importantly  causes  elevation  in  blood  glucose  levels 
(ca.  0.5  mmol  increase  over  basal  or  sham  glucose  levels)  shortly  after  injection. 
Both  2D  NMR  (COSY  and  NOESY)  studies  and  static  and  dynamic  molecular 
energy  minimisation  investigations  have  indicated  that  the  hGH[6-13]  peptide 
analogs  1  and  5  can  assume  a  classical  type  II  /3-turn  whilst  a  related  analog 
(6)  adopts  a  more  open  conformation  approaching  that  observed  with  the  inactive, 
linear  a-octapeptide  2.  In  particular,  the  hGH[6-13]7-lactam  5  shows  strong 
NOE’s  between  the  Phe  ring  protons  and  the  methylene  protons  of  pseudo- 
Gly.  These  investigations  suggest  that  for  preservation  of  biological  activity  the 
hGH[6-13]/3-aspartimide(l)  not  only  can  sustain  chemical  modification  of  the 
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Fig.  2.  Decrease  in  blood  glucose  levels  at  90  min  following  administration  of  the  hGH(6-13)  peptide 
analogs  and  insulin  during  the  intravenous  insulin  tolerance  test  as  described  in  the  text.  The  data 
were  statistically  evaluated  with  the  students  t-test  and  P< 0.0005  were  as  indicated (*).  Average  blood 
glucose  basal  levels  were  4.0  ±0.4  mmol/l.  The  test  substance  code  is:  (!)  sham;  (2)  a-octapeptide 
2;  (3)  [f3-aspartamide j peptide  I;  (4)  [y -lactam1] peptide  6;  (5)  [y-lactam4 ] peptide  5. 

imide  moiety,  but  also  specie  structural  changes  result  in  analogs  with  longer 
acting  properties  for  \y  glycaemic  effects.  Extension  of  these  investigations 
to  the  structure-activity  evaluation  of  other  related  hGH[6-13]  peptide  analogs 
with  potential  agonistic  and  antagonistic  properties  is  currently  underway. 
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Introduction 

The  functional  role  of  amphiphilicity  of  biologically  active  peptides  can  be 
examined  by  evaluating  the  activity  of  their  non-amphiphilic  derivatives  lacking 
either  hydrophilic  or  hydrophobic  character.  Gramicidin  S  (GS),  an  antibiotic 
peptide  with  the  sequence  of  cyclo(Val-Orn-Leu-D-Phe-Pro)2,  has  a  /3-sheet 
structure  carrying  amphiphilic  property.  It  has  been  long  believed  that  this 
amphiphilicity  is  the  most  important  structural  factor  and  the  amino  group  of 
the  two  Orn  side  chains  initiates  the  peptide-biomembrane  interaction  [1],  Thus. 
Orn  has  been  incorporated  into  most  of  GS  analogs  synthesized  for  structure- 
activity  studies.  However,  no  verification  has  been  carried  out,  and  functional 
roles  of  each  hydrophilic  and  hydrophobic  site  are  still  unclear.  In  the  present 
study,  we  have  designed  and  synthesized  various  GS  analogs  lacking  either 
hydrophilic  or  hydrophobic  site. 

Results  and  Discussion 

Two  non-amphiphilic  analogs  of  GS,  namely  des-hydrophobic  GS:  cyclo(/l/tf- 
Onwl/a-APhe-Pro)2  (1)  and  des-hydrophilic  GS:  cycIo(VaM/a-Leu-APhe-Pro)2 
(2),  were  synthesized.  a,/3-Dehydrophenylalanine  (APhe)  was  incorporated  to 
stabilize  the  /3-turn  structure  [2].  Table  1  shows  very  conspicuous  results  of 
antimicrobial  activities  of  these  analogs.  Des-hydrophobic  GS  I  was  completely 
inactive  for  any  bacteria,  while  des-hydrophilic  GS  2  was  highly  active  for  certain 
species  of  Gram  positive  bacteria.  In  contrast  to  the  expectation  that  the  Orn 
residues  are  essential  for  the  interaction  of  GS  with  biomembranes,  the  present 
results  clearly  indicate  that  they  are  not  crucial. 

Inactivity  of  compound  1  and  high  activity  of  2  indicate  the  importance  of 
hydrophobic  Val11'  and  Leu3  3'  residues  in  GS  to  exhibit  an  antimicrobial  activity. 
A  role  of  these  hydrophobic  residues  was  also  evaluated  by  synthesizing  a  series 
of  des-hydrophilic  GS  analogs  in  which  Val  and  Leu  were  replaced  by  Ala  one 
after  the  other.  However,  none  of  these  analogs  was  active.  This  suggests  that 
all  four  Val  and  Leu  residues  are  necessary  for  full  activity. 

All  analogs  described  above  contains  APhe44  for  stabilization  of  the  /3-turn 
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Table  1  Antimicrobial  activities  of  gramicidin  S  and  its  non-amphiphilic  analogs 


Organisms 

MIC  (/jg/ml) 

GS 

1 

2 

3 

B.  sub  til  is  PCI  219 

3.13 

>100 

6.25 

>100 

S.  aureus  FDA  209P 

3.13 

>  100 

12.5 

>  100 

B.  subiilis  IFO  3009 

6.25 

>100 

25 

>100 

S.  aureus  1840 

3.13 

>100 

25 

>100 

5.  aureus  308A-1 

6.25 

>  100 

50 

>  100 

.S’,  tlexnen  EW-10 

6.25 

>100 

>  100 

>  100 

S.  sonnet  EW-33 

50 

>100 

>100 

>  100 

E.  col,  NIHJ  JC-2 

>  100 

>  100 

>  100 

>  100 

P.  vulgaris  IFO  3988 

>100 

>  100 

>  100 

>100 

S.  tyhosa  Boxhill  58 

>100 

>100 

>  100 

>  100 

structure.  In  order  to  elucidate  an  intrinsic  role  of  Orn,  APhe4  4'  of  des-hydrophilic 
GS  2  were  replaced  by  D-Phe  as  in  native  GS.  Antibacterial  activities  of  this 
[Ala2r]GS  (3)  and  GS  were  evaluated  for  fifty  species  of  Gram  positive  and 
negative  bacteria.  Analog  3  was  completely  inactive  for  any  bacteria.  Since  CD 
pattern  of  3  was  hardly  different  from  that  of  GS,  various  NMR  measurements 
were  performed  (Bruker  AM  400)  for  conformational  analysis.  Several  significant 
spectral  differences  between  3  and  GS  were  observed:  i.e.,  the  signal  splitting 
pattern  of  D-Phe  /?  CH:  (a  doublet  in  3,  while  two  doublets  in  GS),  the  chemical 
shifts  of  D-Phe  NH,  Pro  side  chain,  and  Leu  aCH  protons,  the  temperature 
dependency  and  coupling  constant  of  D-Phe  NH,  and  the  NOE  enhancements 
between  pairs  of  D-Phe  aCH  and  D-Phe  NH  and  of  Pro  aCH  and  Val  NH. 
All  these  results  indicate  that  the  Orn  side  chains  in  GS  strongly  affect  the 
structure  of  D-Phe  in  /J-turn.  Elimination  of  the  Orn  side  chains,  resulting  in 
a  formation  of  [Ala2r]GS  (3),  converts  the  active  conformation  to  an  inactive 
one.  Energy  minimization,  crystallographic  and  NMR  studies  on  GS  itself  [3- 
5]  have  indicated  that  a  hydrogen  bond  exists  between  Orn  5NH:  and  D-Phe 
C  =  0.  The  present  study  strongly  suggests  that  this  hydrogen  bond  stabilizes 
the  conformation  of  GS  essential  for  eliciting  biological  activities. 
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Introduction 

P  ptides  that  contain  a,a-dialkvl  amino  acids  are  of  interest  because  of  the 
unique  conformational  preferences  these  amino  acids  display.  While  peptides 
with  a.a-dimethvl-glycine  repeats  favor  folded  and  helical  structures,  a.a-diethvl 
and  longer  side  chains  induce  a  fully  extended  structure  [1],  Moreover,  there 
appears  to  be  no  possibility  for  intermolecular  hydrogen  bonding  between  peptide 
N-H  and  C  =  O  groups  in  these  latter  extended  chains.  The  synthetic  incorporation 
of  <*,a-dialkyl  amino  acids  into  a  peptide  can  be  difficult,  due  presumably  to 
the  steric  hindrance  introduced  by  the  alkyl  chains.  The  problems  in  assembling 
one  or  more  units  of  diethylglycine  (Deg)  into  a  peptide  chain  have  already 
been  described  [2,3].  Because  of  our  need  for  fully  extended  peptides  with  Tvr 
and  Trp  at  the  ends  we  have  been  investigating  optimum  conditions  for  the 
synthesis  of  peptides  containing  N-  and  C-terminal  Tvr  and  Trp  separated  by 
Deg  spacers  of  varying  length.  While  we  could  with  SPPS  obtain  Tyr-Deg-Trp 
and  Trp-Deg-Tyr  in  very  low  yields,  we  could  not  couple  two  Deg  residues 
together.  We  turned,  therefore,  to  solution  methods  for  the  synthesis  of  longer 
chains.  Here  we  describe  our  procedure  for  synthesizing  HiN-Trp-[DegJj-Tvr- 
COOH,  H2N-T rp-[Deg]2-T yr-COOH ,  H,N-[Deg]3-Trp-COOH.  and  H2N-[Deg]2- 
Trp-COOH. 

Results  and  Discussion 

The  synthetic  strategy  on  which  we  settled  involves:  i)  synthesis  of  Deg 
oligomers;  ii)  synthesis  of  suitably  C-  and  N-  protected  Trp  and  Tyr  derivatives; 
and  finally,  iii)  coupling  Trp  and  Tyr  to  the  Deg  oligomers. 

Synthesis  of  Deg  oligomers 

We  synthesized  diethylglycine  hydrochloride  from  3-pentanone  (in  overall  yield 
of  709c.  m.p.  285°C  from  methanol/ether)  with  an  appropriate  modification 
of  the  Bucherer  synthesis  [4],  We  then  adapted  the  reported  procedure  [5]  for 
the  synthesis  of  dipropylglycine  oligomers  to  the  synthesis  of  -Degn-,  as  outlined 
in  Fig.  1.  The  synthesis  relies  upon  the  use  of  a  trifluoroacetyl  (TFA)  to  protect 
the  a-amino  group  and  of  a  dibenzylhydrizide  (DBH)  to  protect  the  carboxyl 
group. 


273 


R.  Chandrasekar  and  M.H.  Klapper 


DCCI 

TFA— DEG— OH  - —  TFA—  DEG— OXAZALONE 

NH2 — NH2 

Benzyl  Bromide 

TFA— DEG— DBH  -  TFA— DEG— NH— NH2 

NaGH 

NaBH4 


TFA— DEG— OX 

HjN— DEG— DBH  TFA— DEG— DEG— DBH 

Fig.  ].  Synthesis  of  Deg* 

In  the  product  workup  after  coupling,  the  unreacted  starting  compounds  are 
removed  by  solvent  extraction.  Repetition  of  the  last  two  steps  in  Fig.  1  results 
in  Deg  oligomer  growth.  The  removal  of  the  dibenzyl  hydrazide  group  using 
bromine  in  acetonitrile/water  afforded  the  free  acid  of  the  TFA-Deg  oligomer. 
The  melting  points  of  the  three  trifluoroacetyl  (TFA)  N-terminal  blocked 
derivatives  are:  TFA-Deg,  120-122°C;  TFA-Deg-Deg,  143-144°C;  TFA-Deg- 
Deg-Deg,  178-180°C. 

Protected  tryptophan  and  tyrosine 

We  were  unable  to  utilize  benzyl  and  /-butyl  esters  for  C-terminal  protection 
of  tyrosine  or  tryptophan  since  these  were  cleaved  during  NaBH4  removal  of 
the  TFA  group  from  the  N-terminal.  We  turned,  therefore,  to  the  trimethyl- 
silylethyl  (TMSE)  ester.  The  synthesis  and  purification  of  TMSE  esters  of  /- 
Boc  amino  acids  has  been  reported  [6].  We  removed  the  t-Boc  group  with  1  M 
hydrochloric  acid  in  trifluoroethanol  as  solvent  [6].  The  melting  points  of 
compounds  of  the  final  derivatives  were:  Trp-OTMSE  •  HC1,  146-148°C;  (O- 
Bz)Tyr-OTMSE  -HC1,  78-80°C. 

Coupling  of  Trp  or  Tyr  to  Degn  is  more  efficient  when  their  amino  groups 
are  blocked  with  TFA.  The  TFA  derivative  of  Trp  was  made  by  reaction  with 
TFA  anhydride;  and  of  Tyr  by  reaction  with  TFA  methyl  ester  in  the  presence 
of  diisopropylethylamine  [7],  TFA-Trp,  m.p.  94°C  (from  ethanol/water).  TFA- 
(OBz)Tyr,  m.p.  136-137°C  (from  CHCl3/hexane). 

Coupling  Trp  and  Tyr  to  Degn 

We  reacted  the  TFA-[Deg]n  with  dicyclohexyl  carbodiimide  (DCCI)  for  2  h 
in  acetonitrile  to  make  the  oxazalone.  Without  purification,  the  oxazalone  was 
then  refluxed  with  either  Trp-  or  Tyr-TMSE  es  er  in  a  minimum  amount  of 
acetonitrile  for  24  h  to  get  the  TFA-[Deg]n-lrt>-OTMSE  or  TFA-[Deg]n- 
(C  3z)Tyr-OTMSE.  These  two  derivatives  were  each  seoarated  from  unreacted 
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starting  materials  by  reversed  phase  HPLC  (see  below).  To  remove  the  TFA 
group  we  mixed  a  five  fold  excess  of  NaBH4  in  ethanol/isopropanol  (4/1)  at 
ca.  5°C  for  3  h.  The  peptide  with  its  amino  group  freed  was  purified  by  reverse 
phase  HPLC.  To  complete  the  synthesis  at  the  N-terminal  end,  the  peptide  was 
finally  condensed  with  a  TFA-blocked  amino  acid  in  the  presence  of  DCCI 
and  1-hydroxv-benzotriazole  to  get  the  final  peptide  which  was  purified  by 
reversed  phase  HPLC. 

Final  deprotection  and  purification 

After  removing  the  TFA  group  with  NaBH4,  the  peptide  was  treated  with 
TFA/TMSA  to  remove  benzyl  and  TMSE  groups.  The  crude  peptide  was 
precipitated  by  addition  of  ether  and  purified  by  C)8  RPHPLC  using  a  linear 
gradient  of  acetonitrile  and  water  containing  0.1%  TFA.  All  peptides  were 
characterized  by  their  NMR  and  MS. 
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Introduction 

The  repeating  motif  of  the  fully  extended  polypeptide  conformation  (2.05  helix) 
is  the  2  —  2  intramolecularly  H-bonded  form.  The  relative  disposition  of  the 
two  dipoles,  N(2)-H(2)  and  C'(2)  =  0(2),  is  such  that  there  is  obviously  some 
interaction  between  them.  These  four  atoms  together  with  the  C"(2)  atom  are 
involved  in  a  pentagonal  cyclic  structure,  and  it  is  for  this  reason  that  this 
conformation  is  also  called  the  C5  structure. 

In  this  communication  we  wish  to  summarize  the  results  of  our  recent 
conformational  energy  computations  and  crystal-state  (X-ray  diffraction)  struc¬ 
tural  analyses  of  a  variety  of  short  peptides  from  the  C",  Ca-symmetrically 
disubstituted  a-amino  acids  Deg,  Dpg.  D<£>g,  and  Db,g  (Fig.  1),  that  allowed 
us  to  characterize  the  fully  extended  (CO  conformation  in  great  detail. 

Results  and  Discussion 

Conformational  energy  computations  of  Ac-Xxx-NHMe  (Xxx  =  Deg,  Dpg, 
Dd>g,  and  Db,g)  indicate  that  the  conformational  space  explorable  by  these 
residues  is  severely  restricted  and  the  minimum  energy  conformation  corresponds 
to  the  C5  structure.  This  study  has  demonstrated  inter  alia  the  sensitivity  of 
conformational  preferences  to  the  geometry  and  has  determined  a  connection 
between  the  narrowing  of  the  N-C“-C'  bond  angle  (induced  by  bulky  substituents 
at  the  C"  atom)  and  the  occurrence  of  the  C5  conformation. 

The  extremely  high  tendency  to  crystallize  of  Deg,  Dpg,  Dd>g,  and  Dbzg  pep¬ 
tides  was  exploited  for  an  extensive  X-ray  diffraction  analysis.  The  C5  confor¬ 
mation  is  a  common  observation  for  these  peptides  in  the  crystal  state.  Inter¬ 
estingly,  (i)  the  Deg  and  Dpg  homo-peptides  represent  the  first  examples  in 
which  consecutive  C5  forms  (2.0?  helices)  have  been  experimentally  observed, 
and  (ii)  the  N-H  and  C  =  0  groups  characterizing  this  structure  are  not  involved 
in  the  intermoiecular  H-bonding  scheme. 

The  average  parameters  of  the  C5  conformation,  taken  from  our  X-ray 
structures,  are  presented  in  Fig.  1.  In  particular,  the  bond  angles  show  a  clear- 
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Fig.  I.  Upper  part:  structure  of  C“.  C"-symmetrically  disubstltuted  a-amino  acids:  lower  pan:  average 
parameters  of  the  C <  conformation. 


cut  trend:  the  angles  internal  to  the  pentagonal  ring  tend  to  be  smaller,  while 
those  involving  atoms  of  the  main  chain,  external  to  the  ring  system,  tend  to 
be  larger  than  the  corresponding  average  angles  observed  in  peptides.  Interes¬ 
tingly,  the  critical  N-C"C'  bond  angle  is  narrowed  to  =  103°. 

From  a  comparison  of  the  studies  of  Aib  and  Acnc  peptides,  where  it  has 
been  shown  that  these  residues  strongly  prefer  3|0/a-helical  structures,  with  those 
described  here  for  the  Deg,  Dpg,  D<f>g,  and  Dbzg  peptides,  where  it  has  been 
demonstrated  that  these  residues  markedly  favor  the  fully  extended  (C5)  con¬ 
formation,  it  is  evident  that  the  latter  structure  becomes  more  stable  than  the 
helical  structures  when  the  two  side-chain  C0  atoms  are  symmetrically  substituted 
but  not  interconnected  in  a  cyclic  system. 

In  conclusion,  it  seems  safe  to  assume  that  the  incorporation  of  Deg,  Dpg, 
D</>g,  and  Dbzg  residues  into  bioactive  linear  peptides  would  result  in  the  marked 
stabilization  of  the  Cs  form. 
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Introduction 

The  Alzheimer  /3-protein,  /SAP,  a  42(or  43)-mer  peptide  has  been  hypothesized 
to  have  self-aggregating  properties  forming  highly  ordered  /3-pleated  sheets  [1]. 
In  order  to  understand  the  formation  of  /3-sheets,  we  have  synthesized  the  various 
fragments  1-40,  1-28,  15-28,  22-35  and  6-25  of  /SAP.  Peptide  retention  behavior 
on  the  hydrophobic  reverse-phase  matrix  is  being  studied  to  characterize  the 
amino  acids  involved  in  adopting  the  preferred  /3-sheet  conformation. 

Results  and  Discussion 

All  peptides  were  assembled  individually  on  a  polyamide  kieselguhr  matrix 
by  employing  Fmoc-chemistry  as  in  the  SPPS  methodology.  After  cleavage  with 
95%  TFA  and  deprotection  with  suitable  solutions,  the  peptides  were  purified 
by  preparative  chromatography  on  a  Cm  column.  Chromatographically  pure 
peptides  were  characterized  by  AAA. 

The  reverse-phase  matrix  provides  a  stabilizing  surface  for  the  hydrophobic 
interactions  for  amphipathic  a-helices  [2],  The  /3AP  peptide  fragments  exhibit 
varying  degrees  of  helicity,  /3-strand  and  random  coil  formation  [3,4]  depending 
on  the  primary  structure  and  the  solution  conditions.  A  log  linear  relationship 
between  the  molecular  weights  and  the  retention  times  is  indicated  for  all  the 
synthetic  peptides  (Fig.  1),  when  the  theoretical  monomeric  molecular  weights 
were  considered  for  the  correlation.  This  suggests  that  all  fragments  exhibit 
monomeric  behavior  when  loaded  on  the  C|g  column  with  MeCN  as  the  mobile 
phase  except  for  /322— 35  which  also  exhibits  dimer,  tetramer  and  octamer 
formation.  Similar  behavior  was  also  observed  on  a  C4  column,  but  all  peptides 
eluted  in  the  void  volume  of  an  alumina  PBD  column  suggesting  that  hydro- 
phobicity  of  surface  was  necessary  for  interaction. 

The  /3AP  fragments,  except  /322— 35,  exhibit  a  linear  relation  between  their 
retention  times  and  In  (mol.  wt.)  in  TFE  indicating  that  these  are  monomers 
when  loaded  on  the  reverse-phase  columns.  The  exponential  correlation  for  the 
molecular  weights  and  the  retention  times  indicates  the  monomeric  nature  of 
these  peptides  in  TFE.  The  overall  slope  of  the  plot  increases  with  little  change 
for  the  intermediate  length  peptides,  indicating  that  the  shorter  fragments  are 
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experiencing  lesser  hydrophobic  interaction.  This  can  be  attributed  to  the  chain 
length  and  sequence-dependent  hydrophobic  enhancement  for  the  longer  peptides. 
The  peptides  are  charged  under  the  chromatographic  conditions  (pH  4),  and 
the  ionic  interactions  between  the  side  chains  enhance  the  hydrophobicity  for 
all  of  the  /3AP  fragments.  The  >322—35  fragment  however  does  not  experience 
substantial  changes  in  its  hydrophobic  character  in  either  MeCN  or  TFE  as 
is  seen  from  the  minimal  changes  in  its  retention  times  in  these  mobile  phases. 
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Introduction 


Although  signal  or  leader  peptides  lack  strict  sequence  homology,  their  ability 
to  adopt  a  common  secondary  structure  motif  is  thought  to  play  a  functional 
role  in  the  complex  process  of  protein  secretion  across  membranes  [1].  In  our 
effort  to  elucidate  the  preferred  backbone  conformations  of  precursor  peptides, 
we  have  chosen  to  study  bovine  serum  albumin  (BSA)  as  representative  of  the 
eukaryotic  class  of  secreted  proteins  [2],  Recent  studies  on  the  secretion  of  rat 
serum  albumin  in  cell  culture  [3]  suggest  that  the  pro  region  itself  (RGVFRR) 
plays  a  role  in  facilitating  efficient  intracellular  transport  .  In  order  to  evaluate 
the  contributions  of  the  signal  (leader  or  pre)  and  the  pro  sequences  to  the 
secondary  structure  of  the  entire  precursor  region,  we  have  synthesized  the 
following  peptides  from  the  amino  terminal  domain  of  bovine  serum  albumin: 


Sequences: 

MKW[CH01VTFISLLLLFSSAYS-NH, 
MKW[CHO]VTFISLLLLFSSAYSR-NH2 
MKW[CHO]VTFISLLLLFSSAYSRGVF-NH-> 
MKW[CHO]VTFISLLLLFSSAYSRGVFR-NH-> 
MKW[CHO]VTFISLLLLFSSAYSRGVFRR-NHU 
-18  -1*1'  *6' 


Nomenclature: 
-18-  1  BSA  LP 
-18+  F  BSA  LP 
-18  +  4'  BSA  LP 
-18  +  5'  BSA  LP 
-18  +  6'  BSA  LP 


Results  and  Discussion 


The  precursor  peptides  containing  arginine  in  the  pro  region  (-18+  1',  - 1 8  +  4', 
-18  +  5',  and  -18  +  6'  BSA  LP)  are  readily  soluble  and  could  be  extracted  from 
the  resin  with  10%  acetic  acid.  These  arginine  containing  peptides  show  a  strong 
tendency  to  self-associate,  as  evidenced  by  elution  through  the  void  volume  of 
G50  Sephadex  in  1%  acetic  acid.  In  addition,  'H  NMR  spectra  of  these  peptides 
at  10-'  M  concentration  in  1%  acetic  acid-d4  and  D20  exhibit  broad  line  widths 
consistent  with  a  highly  aggregated  state.  The  signal  peptide  itself  (-18-1  BSA 
LP)  was  synthesized  by  a  variety  of  different  methods  to  minimize  sequence 


•n 


*  This  work  is  dedicated  to  the  memory  ot  the  late  Professor  Emil  Thomas  Kaiser. 
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Fitts.  I.  CD  spectra  of  precursor  peptides  of  USA.  Spectra  A  ( . )  represent  I  ■  Hr4  M  peptide 

in  F"r  acetic  acid.  Spectra  B  (■■■•)  represent  2.5  ■  Hi'  M  peptide  in  Ft  acetic  acid,  and  Spectra 

C  ( - 1  represent  2.5  ■  IQ-'  M  peptide  in  F  t  acetic  acid/ 50' i  TFE  (v/v)  at  T =  20  C.  pH  3.  In 

I %  acetic  acid,  an  isosbestic  point  at  200  nm  with  8  values  of  -0  suggests  the  secondary  structure 
is  40%  random  coil;  the  a-helix  content  varies  from  10-30 %  with  decreasing  concentration. 

dependent  coupling  problems,  but  its  limited  solubility  precluded  further  cha¬ 
racterization  at  this  time. 

Circular  dichroism  studies  illustrate  that  the  backbone  conformation  of  the 
precursor  peptides  is  dependent  both  upon  peptide  concentration  and  solvent 
properties  (Fig.  1).  For  all  of  the  arginine  containing  peptides  at  concentrations 
of  10-4  M  in  1%  acetic  acid,  the  CD  spectra  have  minima  at  217  nm  (Spectrum 
A  in  Fig.  1).  This  CD  waveform  is  characteristic  of  ~60%  /3-sheet  and  —40% 
random  coil  [4],  At  peptide  concentrations  in  the  10-5  M  range,  the  CD  spectra 
are  characteristic  of  equilibrium  mixtures  of  random  coil,  /?-sheet,  and  a-helix 
(Spectrum  B).  All  of  the  arginine  containing  precursor  peptides  could  be  converted 
to  predominantly  a-helix  in  the  presence  of  50%  trifluoroethanol,  for  peptide 
concentrations  varying  from  10*6  M  to  10-4  M  (Spectrum  C). 

Conformational  studies  on  other  synthetic  signal  peptides  suggest  that  the 
backbone  conformation  in  solution  is  dominated  by  aperiodic  or  /3-sheet 
conformers  [1],  Our  CD  studies  show  that  the  precursor  peptides  of  BSA  can 
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exist  in  equilibrium  populations  of  random  coil,  /3-sheet,  and  a-helix.  The  intrinsic 
conformational  preferences  of  our  synthetic  BSA  precursor  peptides  do  not  seem 
to  be  dramatically  affected  by  the  length  and  nature  of  the  pro  region,  although 
their  solubility  properties  appear  to  be  strongly  dependent  upon  a  minimum 
number  of  charged  residues.  These  studies  support  the  hypothesis  that  leader 
peptides  I )  are  conformationally  flexible  because  the  a-helix  and  /3-sheet  structures 
are  energetically  similar  in  aqueous  environments  and  2)  are  poised  to  convert 
their  secondary  structure  in  a  milieu  favoring  a-helix  formation. 
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Introduction 

One  of  the  most  difficult  problems  in  peptide  modeling  is  the  efficient 
exploration  of  conformational  space  in  order  to  locate  the  multiple  energy  minima 
characteristic  of  these  flexible  molecules.  Here  we  describe  a  technique,  distance- 
distance  energy  maps,  that  can  assist  in  the  identification  and  visualization  of 
low  energy  regions  accessible  to  cyclic  structures  in  peptide  molecules  and  the 
assessment  of  the  completeness  of  the  conformational  search  carried  out  by 
independent  techniques  such  as  molecular  dynamics  and  Monte  Carlo  simulations. 

Results  and  Discussion 

The  procedure  involves  the  calculation  of  the  in  vacuo  energy  of  the  cyclic 
molecule  (given  by  the  Discover  force  field  [1])  as  a  function  of  two  interatomic 
ring  distances  by  the  systematic  application  of  a  harmonic  potential  to  force 
the  molecule  to  adopt  the  desired  values  of  the  two  distances,  while  all  the 
other  degrees  of  freedom  are  allowed  to  change  by  full  energy  minimization 
in  Cartesian  space.  The  systematic  forcing  is  carried  out  in  small  steps  to  avoid 
imposing  large  strains  on  the  molecule,  forming  a  ‘grid’  of  conformations  which 
covers  the  geometrically  allowed  values  of  the  two  interatomic  distances. 
Superposition  of  ellipticity  plots  [2],  in  which  the  values  of  the  two  interatomic 
distances  are  measured  for  conformations  obtained  from  independent  searching 
techniques,  on  the  resulting  energy  map  allows  the  visualization  of  conformational 
space  previously  sampled  by  these  techniques.  Unsampled  low  energy  areas 
revealed  by  the  energy  map  can  be  searched  by  molecular  dynamics  annealing 
studies  originating  from  ‘grid  point’  conformations  from  the  unsampled  areas. 

Figure  1  shows  results  of  the  application  of  this  technique  to  cyclosporin  A, 
a  cyclic  undecapeptide  with  immunosuppressive  activity  [3].  The  energy  of  the 
molecule  was  calculated  as  a  function  of  the  distance  between  the  Ca  carbons 
of  residues  1  and  6  (dl)  and  residues  4  and  9  (d2)  and  plotted  as  energy  contours. 
The  lowest  energy  region  revealed  by  the  map  is  located  about  dl=4.8  A, 
d2  =  14.7  A.  Another  low  energy  region,  10  kcal/mol  higher  than  the  lowest, 
can  be  found  about  dl  =7.4  A,  d2=  14.1  A.  It  is  very  interesting  to  note  that 
minimum  energy  conformations  obtained  in  independent  molecular  dynamics 
simulations  (represented  by  the  squares)  fall  in  the  lowest  energy  region  of  the 
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Fig-  I.  Minimum  energy  conformations  obtained  in  an  independent  molecular  dynamics  run  ( squares ) 
fall  in  the  lowest  energy  region  oj  the  distance-distance  energy  map  of  Cyclosporin,  drawn  al  5  kcal/ 
mol  intervals.  A  second  low  energy  region  (10  kcal/mol  higher,  at  the  right),  not  sampled  by  these 
conformers.  was  explored  by  annealing  selected  grid  points  from  the  low  energy  regions  of  the  map; 
the  resulting  minimum  energy  conformations  (crosses)  sample  both  low  energy  regions.  The  different 
backbone  structures  of  conformers  representative  of  the  two  energy  regions.  /  and  II.  are  shown  at 
the  bottom.  Structure  II  is  10.3  kcal/mol  higher  in  energy  than  structure  I. 

map.  The  relatively  higher  low  energy  region  on  the  right,  which  was  not  sampled 
by  these  conformers,  was  then  explored  and  new  minimum  energy  conformations 
(represented  by  the  crosses)  were  found.  Backbone  structures  of  conformers 
located  in  the  two  low  energy  regions  are  shown  in  the  figure.  A  similar  analysis 
was  done  and  similar  results  were  obtained  for  endothelin-1. 
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Introduction 

Fragment  I  is  the  156  residue  N-terminal  portion  of  prothrombin,  a  protein 
in  the  blood  coagulation  cascade,  that  contains  a  calcium  binding  domain 
responsible  for  phospholipid  binding.  The  crystal  structure  of  bovine  fragment 
I  with  calcium  shows  that  the  protein  consists  of  two  domains:  a  y-carboxy- 
glutamic  acid  (Gla)  calcium  binding  region  and  a  kringle  region  [1].  A  17-amino 
acid  loop  region  between  the  two  domains  contains  two  turns  and  an  a-helix, 
and  interacted  with  the  Gla-domain.  This  loop  peptide  (residues  47-62) +  Tyr 
(Fig.  1)  was  synthesized  and  its  secondary  structure  was  analyzed. 

47  50  55  60  63 

Ala-Cys-Glu-Ser-Ala-Arg-Asn-Pro-Arg-Glu-Lys-Leu-Asn-Glu-Cys-Leu-Tvr 


Fig.  I.  Amino  acid  sequence  ol  loop  peptule  (47-62)  +  Tvr. 

Results  and  Discussion 

The  peptide  was  synthesized  by  SPPS  [2]  and  purified  by  HPLC.  The  fingerprint 
region  of  a  COSY  spectrum  contains  20  C°H-NH  cross-peaks,  5  more  than 
expected.  This  result  indicates  the  presence  of  a  secondary  (minor)  conformation. 
Intensity  of  the  peaks  showed  the  conformers  to  be  in  a  ratio  of  1 : 10  (minor 
to  major).  The  role  of  cis/trans  isomerization  about  the  N53-P54  peptide  bond 
was  examined,  but  not  confirmed.  A  NOESY  spectrum  (500  MHz,  pH  5.0.  90% 
H20,  mixing  time  =  400  ms,  25°C)  was  analyzed  for  secondary  structure.  A 
summary  of  sequential  assignments  and  secondary  structural  NOEs  of  the  major 
conformer  is  presented  in  Fig.  2.  A  molecular  dynamics  simulation  was  also 
carried  out  using  the  crystallographic  coordinates  of  the  loop  region  as  a  starting 
structure  [3].  After  226  ps  of  dynamics  in  a  water  box,  the  RMS  of  the  peptide 
backbone  was  within  1.9  A  of  that  of  the  initial  structure. 

The  preliminary  NMR  data  obtained  for  the  fragment  I  loop  peptide  (47- 
62)  +  Tyr  suggest  a  secondary  structure  in  solution  that  is  similar  to  the  crystal 
structure  of  fragment  I:  turns  at  E49-A51  and  R53-R55  and  a  short  a-helix  at 
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Fig.  2  Summary  of  NOEs  for  loop  peptide  (47-62)  +  Tyr  (major  conformer),  H]0,  pH  5.0,  25°C. 


L58-L62.  A  molecular  dynamics  simulation  of  the  crystal  structure  of  the  loop 
region  in  water  confirms  that  these  secondary  structures  are  stable  in  the  peptide. 
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Introduction 

The  concept  of  a  pharmacophore  model  has  been  successfully  applied  in  the 
studies  of  SAR  for  a  variety  of  bioactive  compounds  [1].  Based  on  available 
data  regarding  which  functional  groups  interact  with  receptor,  the  search  for 
a  specific  orientation  of  these  pharmacophore  groups  (PG)  can  be  carried  out 
by  comparison  of  accessible  conformations  of  a  series  of  molecules  demonstrating 
similar  biological  activities.  Spatial  arrangement  of  functional  groups  achievable 
for  all  molecules  in  the  series  may  be  considered  as  a  possible  bioactive 
conformation  (active  analog  approach  [2]).  For  small  molecules  all  accessible 
conformations  can  be  found  by  a  systematic  search  [  1 ,3,4].  With  larger  molecules, 
it  is  impossible  to  find  all  accessible  conformations  even  for  restrained  cyclic 
molecules.  For  this  reason,  major  efforts  have  been  directed  towards  finding 
the  lowest  energy  structures.  However,  the  conformation  of  the  molecule  bound 
to  the  receptor  may  differ  from  the  lowest  energy  conformation,  since  interaction 
with  the  receptor  may  cause  considerable  perturbation  of  the  structure.  In  this 
work,  we  sampled  a  space  of  accessible  conformations  for  a  series  of  active 
cyclic  somatostatin  analogs  in  order  to  find  common  spatial  arrangements  of 
tentative  PG.  The  series  included  cyclo[Pro6-Phe7-D-Trp8-Lys9-Thr10-Phen]  (1) 
[5],  cyclofPnAPhe^L-Trp^Lys^Thr'O-Phe11]  (2)  [6],  cyclo[Aha-Cys-Phe7-D-Trp8- 
Lys9-Thr,0-Phell-Cys]  (3)  [5],  cyclo(7V-Me-ar(R)Bzl-o-AMPA-Phe7-D-Trp8-Lys9- 
Thr10]  (4)  [7],  The  superscript  numbers  refer  to  positions  in  the  native  soma¬ 
tostatin,  Aha  denotes  7-aminoheptanoic  acid,  and  o-AMPA  stands  for  o- 
aminomethylphenylacetic  acid. 

Results  and  Discussion 

The  choice  of  analogs  was  determined  by  the  requirement  of  maximal  structural 
diversity.  As  tentative  PG,  we  chose  the  center  of  the  Phe7  ring,  the  center 
of  the  Trp  ring,  the  y-carbon  of  Lys  and  the  center  of  the  hydrophobic  group 
corresponding  to  Phe"  in  1  and  2,  the  Aha  in  3  and  the  a(R)Bzl  in  4  [6,8]. 
Even  though  the  molecules  1-4  are  cyclic,  the  search  for  all  accessible  con¬ 
formations  is  computationally  unattainable.  Therefore,  our  strategy  was  based 
on  several  assumptions,  (a)  Since  experimental  studies  of  most  active  somatostatin 
analogs  indicated  the  presence  of  a  /?II'-turn  around  Trp-Lys  [6],  we  searched 
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Fig.  I.  Conformations  of  molecules  1.  2.  J  and  4  with  common  spatial  arrangement  of  the  tentative 
pharmacophore  groups  (A:  grid  step  2.0  A). 


only  the  region  of  conformational  space  related  to  this  motif,  (b)  The  conformation 
was  considered  accessible  if  it  corresponded  to  a  local  energy  minimum  with 
energy  up  to  10  kcal/mole  above  the  lowest  minimum  found  for  the  given  analog, 
(c)  The  conformation  of  the  backbone  was  considered  relatively  independent 
of  the  orientations  of  the  side  chains. 

For  each  analog,  500  structures  were  generated  using  DGEOM  (QCPE  #590) 
in  which  /3-turn  was  preserved,  while  the  rest  of  the  molecule  exhibited  random 
conformation.  All  structures  were  fully  minimized  using  CHARMm  (Polygen), 
with  no  constraints  applied  to  the  /3-turn;  during  minimization,  considerable 
deviations  from  /3-turn  wfe  observed.  Families  of  conformers  with  similar 
backbone  conformations  were  defined  using  cluster  analysis;  deviations  of  torsions 
in  the  family  did  not  exceed  15°.  For  the  lowest  energy  conformer  from  each 
family,  an  exhaustive  search  of  side  chain  orientations  was  carried  out.  The 
geometry  of  each  accessible  conformation  was  characterized  by  six  distances 
between  four  tentative  PG,  so  that  each  conformation  was  represented  by  a 
point  in  six-dimensional  distance  space  [4],  Continuous  distance  space  was 
approximated  by  a  grid,  and  structures  were  considered  similar  if  they  belonged 
to  the  same  six-dimensional  cube  on  this  grid.  We  varied  the  grid  step 
systematically  and  found  no  common  orientations  of  PG  when  the  grid  step 


Fig.  2.  Conformations  of  molecule  /  corresponding  to  different  common  spatial  arrangements  of  the 
tentative  pharmacophore  groups  (A:  grid  step  2.0  A:  B,  C.  D:  grid  step  2.5  A). 
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was  less  than  2.0  A.  With  grid  step  of  2.0  A,  only  one  common  orientation 
of  PG  was  found  (Fig.  1).  Conformations  with  this  PG  orientation  possessed 
a  flat  /?-sheet-like  backbone  with  the  side  chains  of  Trp  and  Lys  pointing  in 
different  directions.  Although  it  disagrees  with  the  up-field  shift  of  the  y  protons 
signal  in  the  NMR  spectrum  seen  for  molecules  1,  3  and  4,  it  should  be  noted 
that  NMR  data  reflect  molecular  conformation  in  solution,  whereas  the  receptor 
bound  conformation  may  be  different.  Furthermore,  there  was  no  up-field  shift 
found  for  molecule  2.  Conformation  of  the  Phe11  side  chain  is  trans,  in  agreement 
with  NMR  data  indicating  strong  preference  for  this  conformation.  With  grid 
step  of  2.5  A,  in  addition  to  this  PG  orientation  (A),  three  other  common 
orientations  were  found  (B,  C,  D  in  Fig.  2).  Backbones  in  C  and  D  were  similar 
to  that  of  A.  while  orientation  B  composed  of  a  bent  backbone  showing  y- 
turns  around  Phe7  and  Thr,  with  side  chains  of  Trp  and  Lys  in  close  proximity 
to  each  other.  None  of  the  found  common  orientations  corresponded  to  the 
lowest  energy  structures;  for  example,  the  structures  with  PG  orientation  A  were 
higher  than  the  lowest  energy  conformers  by  2.0  (1),  4.4  (2),  3.6  (3)  and  5.8 
(4)  kcal/mole. 
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Introduction 

It  has  been  suggested  that  in  a  sequential  peptide  the  alternation  of  a  helix 
forming  residue,  such  as  the  a-aminoisobutyric  acid  (Aib),  and  a  conformationaily 
restricted  N-alkylated  aminoacid  residue,  such  as  proline,  which  disrupts  the 
conventional  hydrogen  bonding  schemes  observed  in  helices,  may  give  rise  to 
a  novel  helical  structure,  called  /3-bend  ribbon  [1],  This  structure  may  be 
considered  as  a  subtype  of  the  3|0-helix,  having  approximately  the  same  helical 
fold  of  the  peptide  chain  and  being  stabilized  by  1—4  (C,0)  intramolecular 
N-H  —  O  =  C  H-bonds. 

Results  and  Discussion 

Peptides  of  the  series  pBrBz-Aib-(i_-Pro-Aib)n-OMe  with  n  =  2-5  (pBrBz, 
/;arabromobenzoyl;  OMe,  methoxy)  have  been  synthesized  by  classical  methods 
in  solution.  X-ray  crystal  structure  determinations  of  two  members  of  the  series, 
the  hepta-  and  the  nonapeptide,  have  been  carried  out.  Crystals  of  /;BrBz-Aib- 
(L-Pro-Aib)j-OMe  are  orthorhombic,  space  group  P2|2t2|,  with  a  =  12.208, 
b  =  2 1 .363,  c  =  34.081  A  and  Z  =  8.  Crystals  of  /7BrBz-Aib-(L-Pro-Aib)4-OMe 
are  also  orthorhombic,  space  group  P2|212|,  with  a=  17.111,  b  =  20.745, 
c  =  30.53 1  A  and  Z  =  8.  In  both  crystals  there  are  two  molecules  in  the  asymmetric 
unit.  The  structures  have  been  solved  by  a  non-straightforward  application  of 
direct  methods,  using  various  procedures.  Either  molecule  in  the  asymmetric 
unit  of  each  structure  has  a  right-handed  /3-bend  ribbon  structure:  both  inde¬ 
pendent  molecules  of  the  heptapeptide  are  stabilized  by  three  1  —  4  intramolecular 
H-bonds,  while  those  of  the  nonapeptide  are  stabilized  by  four  of  such  H-bonds 
(Fig.  1). 

The  backbone  conformational  angles  <p,  i',  and  co  of  the  two  independent 
molecules  of  the  heptapeptide  are  very  similar,  differing  by  no  more  than  15°; 
those  of  the  two  independent  molecules  of  the  nonapeptide  exhibit  on  the  average 
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Fig.  1.  Molecular  structures  of  pBrB2-Aib-(i-Pro-Aib)„-OMe  (n  =  3  and  4). 


slightly  larger  differences,  but  they  never  exceed  30°.  The  values  observed  compare 
well  with  those  found  near  the  C-terminus  of  a  16-residue  zervamicin  Ila  analog 
[1]- 

Both  Cy-endo  and  Cy-exo  pyrrolidine  ring  puckerings  are  observed  in  each 
of  the  four  independent  molecules.  This  finding  rules  out  the  suggestion  that 
pyrrolidine  ring  puckering  would  have  a  marked  effect  on  backbone  conformation 
and  that  only  Cy-endo  puckered  Pro  residues  could  be  accommodated  in  the 
helix  [2], 

In  summary,  for  the  first  time,  we  have  characterized  at  atomic  resolution 
the  /3-bend  ribbon  helical  structure.  The  Aib-L-Pro  dipeptide  repeating  unit  in 
the  /3-bend  ribbon  is  characterized  on  the  average  by  the  following  sequence 
of  torsion  angles  <p(,  i />,,  ai,,  <p2,  t/r2,  w2:  -54°,  -40°,  -175°,  -78°,  -10°,  -169°, 
and  by  the  mean  helical  parameters  n  =  3.43  residues  per  turn,  h  =  2.06  A,  and 
p  =  7.0  A.  These  values  are  in  part  different  from  those  experimentally  observed 
in  a  regular  3l0-helix  [3]. 
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Introduction 

Influenza  hemaggrutinin  has  an  amphipathic  segment  containing  several  acidic 
amino  acids  and  conformational  changes  are  observed  at  low  pH.  The  con¬ 
formational  changes  presumably  contribute  to  the  pH-dependent  fusion  of  the 
viral  particles  with  membranes  [1].  Considering  that  such  acidic  segment  is 
proposed  to  form  amphipathic  helical  structure,  it  is  interesting  to  study  the 
interactions  of  acidic  peptides  having  amphipathic  ^-structure  with  membranes. 
It  has  been  reported  that  an  oligopeptide,  (Val-Glu-Val-Orn)rVal.  forms  a  /?- 
structure  in  aqueous  solution  and  in  the  presence  of  low-density  lipoproteins 
and  mixture  of  lipids  [2.3].  We  recently  reported  that  the  basic  peptide  1  composed 
of  alternating  hydrophobic  and  hydrophilic  amino  acid  residues  interacted  with 
acidic  phospholipid  membranes  and  formed  amphipathic  /3-structure  [4].  To 
examine  whether  the  acidic  peptides  having  repeating  sequences  take  amphipathic 
/3-structure  in  a  pH-dependent  manner,  we  synthesized  acidic  peptides  2  and 
3  (Fig.  1).  In  addition,  we  also  studied  the  interactions  of  3  with  both  cationic 
surfactant  cetyltrimethylammonium  bromide  (CTAB)  micelles  and  cationic  lipid 
membranes  containing  dimethyldioctadecylammonium  chloride  (DOAC1). 


Ac-Ser-Val-Lys-Val-Ser-Val-Lys-Val-NHCH^  1 

Ac-Ser-Val-Glu-Val-Ser-Val -Glu-Val-NHCH3  2 

Ac-Ser-Val-Glu-Val-Ser-Trp-Glu-Val-NHCH3  3 

Fig.  I.  Acidic  and  basic  amphipathic  ^-structural  model  peptides. 

Results  and  Discussion 

As  shown  in  Fig.  2.  peptide  2  took  a  random  structure  at  pH  7.4  but  a  /3- 
structure  predominantly  at  low  pH  in  5  mM  Hepes  buffer.  However  peptide 
3  took  a  random  structure  at  both  neutral  and  low  pH  in  the  same  buffer, 
indicating  that  the  replacement  of  valine  by  tryptophan  has  unfavorable  influence 
to  form  a  /3-structure  in  aqueous  solutions.  Analytical  gel  permeation  chro¬ 
matography  of  an  aqueous  solution  of  2  at  low  pH  was  performed  using  a 
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200  220  21(0 
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Fig.  2.  CD  spectra  of  peptide  2  in  5  mM  Hepes  buffer.  Peptide  concentration  was  55  pM. 

Waters  protein  pak  60  HPLC  column.  The  chromatogram  showed  that  the 
peptides  might  be  self-associated  to  form  oligomer  predominantly.  Since  basic 
peptide  1  strongly  interacted  with  acidic  phospholipid  liposomes,  we  expected 
both  2  and  3  to  interact  electrostatically  with  cationic  surfactant  micelles  or 
cationic  lipid  bilayers.  The  CD  spectra  of  3  in  1  mM  CTAB  showed  that  3 
took  a  ^-structure  partly  at  both  neutral  and  low  pH .  However  a  random  structure 
content  was  increased  somewhat  at  neutral  pH  rather  than  low  pH.  The  results 
indicated  that  the  electrostatic  interaction  is  important  to  form  stable  ^-structure 
on  such  amphipathic  interfaces  as  phospholipid  membranes  or  surfactants.  The 
fluorescence  emission  maxima  of  3  under  various  conditions  are  shown  in  Table 
1.  The  emission  maxima  in  the  presence  of  CTAB  or  cationic  lipid  membranes 
shifted  to  shorter  wavelength  by  10-19  nm  compared  with  that  in  buffer  solution. 
These  findings  indicate  that  the  hydrophobic  face  of  amphipathic  /3-structure 
of  3  faces  the  apolar  environment  and  the  hydrophobic  interaction  also  stabilizes 
the  structure.  Interestingly  the  emission  maximum  in  the  presence  of  cationic 
liposomes  at  low  pH  shifted  to  shorter  wavelength  by  4  nm  than  that  at  neutral 


Table  1  Fluorescence  characteristics  of  peptide  3 


Amax  (nm,  Aex  280  nm) 

sample 

neutral  pH 

low  pH 

3  in  5  mM  Hepes  buffer 

355 

355 

3  in  CTAB  micelles-1 

345 

345 

3  in  cationic  liposomes6 

340 

336 

Ac-Trp-NH2  in  5  mM  Hepes  buffer 

357 

357 

J  The  concentrations  of  peptide  3.  Ac-Trp-NH,  and  CTAB  were  25  jxM.  5  *iM  and  I  mM,  respectively. 
h  The  concentration  of  cationic  liposomes  composed  of  dipalmitovlphosphatidvlcholine  (DPPC1- 
DOACIfJ:  l)was900MM. 
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pH,  suggesting  that  the  structure  of  3  in  cationic  liposomes  was  influenced  by 
pH  of  solutions.  In  conclusion,  we  found  that  acidic  peptide  2  composed  of 
alternating  hydrophobic  and  hydrophilic  residues  took  an  amphipathic  fl- 
structure  in  a  pH-dependent  manner.  Moreover  peptide  3,  which  took  a  random 
structure  even  in  low  pH  aqueous  solution,  interacted  with  cationic  surfactant 
micelles  and  cationic  lipid  membranes  and  showed  a  tendency  to  take  a  /?- 
structure. 
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Introduction 

Heat-stable  enterotoxin  (ST)  is  a  toxic  peptide  that  is  produced  by  E.  coli 
[1-3]  and  causes  acute  diarrhea  in  infants  and  domestic  animals  [4],  The  initial 
step  in  the  biological  action  of  ST  is  its  binding  to  its  receptor  protein(s)  on 
the  intestinal  epithelial  cell  membranes  to  form  an  ST-receptor  complex  [5]. 
To  elucidate  the  molecular  basis  of  the  interaction  of  the  ST  molecule  with 
its  receptor  protein(s),  we  crystallized  toxic  and  non-toxic  analogs  of  ST  (Table 
1)  and  analyzed  their  molecular  structures  by  X-ray  crystallography. 

Results  and  Discussion 

The  analogs  of  ST  were  synthesized  by  SPPS  [6],  purified  by  HPLC,  and 
crystallized  gradually  from  their  warm  solutions  in  a  mixture  of  water  and  CH*CN 
by  cooling  the  solutions.  The  crystals  obtained  were  orthorhombic.  X-ray  analysis 
of  these  analogs  revealed  that  they  consisted  of  three  /3-turn  structures  fixed 
together  by  three  intramolecular  disulfide  linkages,  and  had  right-handed  spiral 
conformations  throughout  the  whole  molecules  in  the  direction  from  the  N- 
terminus  to  the  C-terminus  of  the  peptide  chains.  The  major  differences  between 
the  toxic  and  non-toxic  analogs  were  in  the  orientation  of  three  amino  acid 
residues  at  positions  11-13  and  in  the  bulkiness  of  the  side  chains  of  the  amino 
acid  residues  at  position  13,  which  was  Ala  in  the  toxic  analog  and  Leu  in 
the  non-toxic  analog,  as  depicted  in  Fig.  1.  Thus  the  spatial  arrangement  of 
the  Asn-Pro-AIa  sequence,  which  is  conserved  in  all  the  enterotoxins  examined 
to  date  [7],  and  the  size  of  the  side  chains  of  these  residues  are  important  for 
the  interaction  of  ST  with  its  receptor  protein(s). 


Table  1  Amino  acid  sequence  of  the  heat-stable  enterotoxin  (ST)  and  synthetic  analogs 
and  their  toxic  activities 


Peptide 

MED  (pmol) 

Asn-Thr-Phe-Tyr-Cys-Cys-Glu-Leu-Cys-Cys-Asn-Pro-Ala-Cys-Ala-Gly-Cys-Tyr 

Mpr-Cys-Glu-Leu-Cys-Cvs-Asn-Pro-Ala-Cys-Ala-Gly-Cys 

Mpr-Cvs-Glu-Leu-Cys-Cys-Asn-Pro-Leu-Cys-Ala-Gly-Cys 

0.4J 

0.9>> 

>1000 

MF.D:  minimum  effective  dose,  ‘cited  from  [2],  hMpr.  /3-mercaptopropionic  acid,  cited  from  [6). 
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Fig.  I.  Perspective  views  of  (Mpr!JST/5-l7)  and  [Mprs.  LeuIJ /ST/S-I7)  and  their  surface  areas 
including  the  Asn-Pro-A!a(or  Leu)  sequence. 
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Introduction 

There  exists  already  a  wide  body  of  information  about  the  structure  and  function 
of  the  light-driven  proton  pump  bacteriorhodopsin  (bR)  from  Halobacterium 
halobium  [1],  Functionally  relevant  amino  acids  have  been  determined  by  isotope¬ 
labelling  of  the  protein  and  by  site-directed  mutagenesis  [2,3].  It  has  been 
established  that  Asp96,  Asp85  and  Asp212  are  important  members  of  the  proton 
pump.  An  essential  role  for  Arg82  has  been  proposed  but  not  unequivocally 
proven.  To  gain  further  insight  into  the  structural  and  functional  role  of  arginine 
in  bacteriorhodopsin,  isotope-labeled  arginine  was  biosynthetically  incorporated 
into  bR  and  the  solid  state  CP/MAS  l5N  NMR  spectra  from  [e-l5N-Arg]bR 
and  [5-|SN-ArgJbR  were  taken. 

Results  and  Discussion 

Chemical  synthesis  of  (t-^N-Arg)  and  (8-l?N-Arg)  and  their  biosynthetic  incor¬ 
poration  into  bR 

As  starting  material  for  the  synthesis  of  (e-15N)-Arg,  ,5N-urea  was  chosen. 
It  was  converted  into  O-methyl  iso-urea  by  its  reaction  with  dimethyl  sulfate. 
The  isotope-labeled  arginine  was  gained  with  an  overall  yield  of  30%  from  the 
reaction  of  the  iso-urea  with  ornithine. 

For  the  biosynthetic  incorporation  of  the  labeled  arginine  into  bacteriorho¬ 
dopsin  a  synthetic  medium  for  the  growth  of  the  bacteria  was  used.  The 
incorporation  of  labeled  material  was  only  30%.  The  reason  for  this  is  found 
in  the  fact  that  the  bacteria  possess  a  very  sufficient  pool  of  enzymes  for  the 
synthesis  and  degradation  of  arginine.  They  can  utilize  arginine  for  substrate 
phosphorylation. 

In  the  case  of  (S-I5N)-Arg  it  is  possible  to  feed  the  bacteria  with  ornithine 
which  they  convert  to  arginine.  Incorporation  studies  with  ,4C-Orn  indicated 
that  the  radioactivity  was  almost  quantitatively  introduced  as  14C-Arg  into 
bacteriorhodopsin.  Therefore,  only  ornithine  had  to  be  chemically  synthesized. 
The  starting  material  was  Z-methionine  which,  by  replacing  the  S-methyl  group 
by  chloride  and  subsequent  reaction  with  NaCl5N,  yielded  with  75%  the 
corresponding  nitrile.  The  ornithine  could  be  gained  by  reduction  with  Raney- 
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Nickel  (75%  yield).  The  optical  purity  was  about  75%.  Replacing  arginine  by 
6-,5N-ornithine  in  the  growth  medium  yielded  [5-I5N-Arg]bR  with  an  isotope 
enrichment  of  approximately  90%. 

Solid  state  MAS/ CP  NMR  spectra  of  [5-l5N-Arg]bR  and  [ t-,5N-ArgjbR 
High  resolution  solid  state  NMR  provides  a  tool  to  elucidate  structural  and 
dynamic  properties  of  large  proteins  and  even  membrane  proteins  at  atomic 
resolution  [4],  In  the  solid  state  NMR  spectra  of  the  modified  bR  samples  the 
chemical  shift  of  the  7  arginine  contained  in  bR  fall  into  one  line  at  35  ppm 
for  [S-l5N-Arg]bR  and  27  ppm  for  [e-l5N-Arg]bR  (relative  to  NH4C1).  The 
halfwidth  of  the  signal  is  approximately  15  ppm  indicating  that  all  arginines 
in  bR  are  in  a  comparable  chemical  environment.  For  further  elucidation  of 
the  arginines  in  bR,  magnetization  transfer  experiments  were  undertaken  using 
a  pulse  sequence  which  was  first  described  by  Harbison  et  al.  [5],  In  these 
experiments,  one  can  utilize  the  fact  that  the  protons  in  solution  have  T2  relaxation 
times  in  the  millisecond  range  whereas  in  solids  they  dephase  typically  in 
microseconds.  The  experiments  clearly  showed  that  at  pH  7  no  exchange  of 
polarization  occurs  whereas  at  pH  10  the  protons  of  the  guanidinium  group 
freely  exchange  with  the  protons  from  bulk  water.  This  result  indicates  that 
all  arginines  in  the  bR  molecules  are  exposed  to  the  medium.  This  includes 
also  Arg»2  which  is  assumed  to  be  part  of  the  proton  transfer  machinery. 

References 


1.  Tittor,  J..  Swell.  C.  Oesterhelt.  D..  Butt.  H.-J.  and  Bamberg.  E.,  EMBO  J..  8(1989)3477. 

2.  Engelhard.  M.,  Gerwert,  K..  Hess.  B.,  Kreutz.  W.  and  Siebert.  F.,  Biochemistry.  24(1985)400. 

3.  Tittor.  J.  and  Oesterhelt,  D  ,  FEBS  Lett..  263(1990)269. 

4.  Engelhard.  M.,  Hess,  B..  Metz.  G..  Kreutz,  W..  Siebert.  F..  Soppa.  J.  and  Oesterhelt.  D.. 
Eur.  Biophys.  J..  18(1990)17. 

5.  Harbison,  G.S.,  Roberts,  J.E.,  Herzfeld,  J.  and  Griffin,  G.R.,  J.  Am.  Chem.  Soc..  1 10(1988)7221. 


298 


Conformational  studies  on  vancomycin  using 
QUANT  A/CHARMm 


Rebecca  Rone,  Frank  A.  Momany  and  Mary  Dygert 

Polvgen  Molecular  Simulations,  200  Fifth  Avenue.  Waltham,  MA  02254,  U.S.A. 


Introduction 

Vancomycin  is  a  glycopeptide  antibiotic  whose  activity  is  due  to  inhibition 
of  bacterial  cell  wall  biosynthesis  [1].  Experiments  indicate  that  it  forms  a  specific 
complex  with  acyl-D-Ala-D-Ala  [2].  The  structure  of  vancomycin  has  been  resolved 
through  comparison  of  solution  NMR  with  X-ray  diffraction  analysis  of  CDP- 
I  [3].  Information  on  the  binding  mode  of  fragments  of  the  cell  wall  to  vancomycin 
has  been  obtained  from  nuclear  Overhauser  effect  difference  (NOED)  spectro¬ 
scopy  [4],  Those  experiments  showed  proton  shifts  attributable  to  conformational 
changes. 

Results  and  Discussion 

Molecular  force  field  calculations  were  used  in  this  study  to  model  the 
mechanism  of  action  of  vancomycin.  Standard  molecular  mechanics  and  dynamics 
simulations  were  carried  out  using  the  program  QUANTA/CHARMm®  [5], 
The  antibiotic  vancomycin  was  constructed  as  a  linear  chain  using  standard 
geometry  for  the  primary  structure.  The  macrocycles  were  closed  by  cross-linking 
the  appropriate  side  chains  and  minimizing.  All  minimizations  in  this  study 
used  a  nonbond  cutoff  of  12.0  A,  with  a  switching  window  of  7.5  to  11.5  A, 
until  a  conjugate  gradient  of  0.001  kcal  mol-'  A'2  was  reached.  Unsolvated  systems 
were  minimized  using  a  distance  dependent  dielectric.  Conformational  studies 
using  a  grid  search  of  20°  were  made  of  the  disaccharide  alone  and  of  the  glycosidic 
linkage  to  residue  4.  Two  conformers  were  thus  generated:  one  similar  to  that 
proposed  by  Kannan  et  al.  [4]  using  NMR  techniques,  and  one  lower  in  energy 
(rotated  by  approximately  90°  about  the  glycosidic  linkage),  in  which  the  sugar 
partially  occludes  the  binding  cleft.  The  former  conformer  which  satisfies  the 
intramolecular  NOED’s  of  the  sugar  to  the  peptide  was  used  as  the  starting 
conformer  for  the  binding  study.  The  tripeptide,  A-acetyl-Lys-D-Ala-D-AIanine 
was  used  to  model  the  bacterial  cell  wall.  The  tripeptide  was  constructed  and 
minimized  as  before,  but  without  cross-linking.  A  non-rigorous  manual  con¬ 
figurational  study  was  made  using  van  der  Waals  overlap  considerations  to 
position  the  tripeptide  inside  the  binding  cleft  proposed  by  Kannan  et  al.  [4], 
All  three  systems  (vancomycin  alone,  tripeptide  alone,  and  complex)  were  then 
used  for  dynamics  simulations:  heated  for  5  psec  at  300  K,  equilibrated  for 
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Fig.  I.  I’ancomyetn-tripeptiae  complex  scnemattc:  a)  from  view,  b)  side  view.  Sote:  chlorine  radius 
is  reduced  and  Iripepiide  is  translated  and  rotated  to  expose  interaction  lace. 


100  psec.  and  simulated  for  100  psec.  For  the  complex,  the  intermolecular  NOED’s 
were  used  for  constrained  molecular  dynamic  simulations,  for  the  first  10  psec 
only,  then  the  constraints  released.  The  initial  conformers  of  vancomycin, 
tripeptide,  and  complex  were  included  in  a  dynamics  study  using  water  for 
solvation.  This  solvated  study  is  incomplete. 

The  complete  unsolvated  simulation  was  sampled  every  0.100  psec.  The 
conformer  of  lowest  potential  energy  is  shown  in  Fig.  1.  This  conformer  displays 
hydrogen  bonding  of  both  the  carboxylate  end  of  the  tripeptide  and  of  the  side 
chain  amine  protons  of  lysine.  Donor-acceptor  interactions,  just  beyond  the 
classical  hydrogen  bonds  distance,  make  a  significant  contribution  to  stabilizing 
energy.  This  occurs  from  the  vancosamine  group  to  the  phenyl  ether  oxygen 
of  residue  5  in  vancomycin  and  to  the  carbonyl  oxygen  of  D-Ala:  in  the  tripeptide. 
This  donor-acceptor  relationship  is  also  shown  between  the  amide  proton  of 
residue  7  in  vancomycin  and  the  carbonyl  oxygen  of  the  jV-acetyl  group  of  the 
tripeptide.  In  this  model  the  carbonyl  oxygen  of  D-Ala2  in  the  tripeptide  is 
intramolecularly  hydrogen  bonded  to  the  amine  protons  of  lysine.  This  model 
meets  the  intermolecular  NOED’s  as  determined  by  Kannan  et  al.  [4],  but  differs 
in  hydrogen  bonding.  Molecular  dynamics  of  the  complex,  using  their  proposed 
hydrogen  bonds  as  constraints,  showed  significant  deviation  from  standard 
geometry. 

Opening  and  closing  of  the  major  cleft  was  observed  during  the  unsolvated 
molecular  dynamics  studies  of  the  complex.  This  motion  was  shown  to  be  strongly 
perturbed  upon  binding  of  the  tripeptide,  with  subsequent  reduction  in  entropy 
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of  both  molecules,  as  shown  by  reduced  fluctuations  in  specific  coordinates, 
from  a  maximum  of  0.72  in  the  free  form  to  0.39  A  in  the  bound  form. 
Uncomplexed  vancomycin  shows  an  occlusion  of  the  cleft  by  the  Asn  side  chain, 
a  tight  folding  of  the  macrocycle  of  residues  5  and  7,  and  more  importantly 
a  complete  folding  of  the  sugar  into  the  cleft,  so  that  the  amine  group  nearly 
occupies  the  same  space  as  the  Lys  side  chain  nitrogen  in  the  complex. 

Computer-aided  modeling  of  vancomycin-tripeptide  complex  based  on  mo¬ 
lecular  dynamics  discloses  a  flexibly  fit  conformer  which  is  more  compressed 
and  convoluted  than  that  proposed  earlier  [4],  This  new  model  meets  inter- 
molecular  NOED’s  measured  experimentally  (as  does  the  earlier  model),  and 
exhibits  greater  donor-acceptor  interaction  than  the  earlier  model.  This  tightly 
bound  complex,  when  modeled  by  molecular  dynamics,  shows  reduced  fluc¬ 
tuations.  The  mechanism  of  binding  can  therefore  be  proposed  as  a  loss  of 
entropy  due  to  hydrogen  bonding  and  tight  binding  interactions,  both  inter- 
molecular  and  intramolecular.  Further  studies  will  be  necessary  to  delineate  the 
role  that  solvent  plays  in  this  interaction. 
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Introduction 

Subtilin  belongs  to  an  unique  group  of  post-translational  modified  antimi¬ 
crobial  peptides  known  as  lantibiotics.  These  peptides  have  in  common  a 
significant  number  of  lanthionine  and  3-methyllanthionine  residues,  giving  rise 
to  thioether  bridged  cyclic  units.  Subtilin  is  structurally  related  ( >  60%  homology) 
to  nisin,  the  extensively  studied  food  preservative.  The  chemical  structure  of 
subtilin  was  proposed  by  Gross  and  his  co-workers  in  1973  on  the  basis  of 
extensive  chemical  studies  [1],  We  now  confirm  the  chemical  structure  of  subtilin 
by  ‘H  NMR  spectroscopy,  and  report  on  the  solution  structure  inferred  from 
several  NMR  parameters. 

Results  and  Discussion 

Subtilin  was  purified  from  the  fermentation  broth  of  Bacillus  subtilis  ATCC 
6633  by  butanol  extraction-acetone  precipitation  followed  by  semi-preparative 
RPHPLC  on  a  Kromasil  C8  column.  The  integrity  of  the  isolated  peptide  was 
confirmed  by  antimicrobial  assays  and  FAB-MS  (MH+  found  3321.9,  requires 
3321.968).  Complete  sequence-specific  resonance  assignment  of  subtilin  in 
aqueous  solution  was  achieved  by  application  of  several  2D  NMR  techniques 
originally  described  in  detail  for  nisin  [2],  All  NMR  experiments  were  carried 
out  on  a  Brukcr  AMX600  spectrometer,  and  the  results  are  summarized  in  Table  1 . 

Resonances  were  first  assigned  to  individual  types  of  amino  acids  by  determining 
the  relayed  scalar  connectivities  from  the  backbone  amide  N H  to  the  side-chain 
aliphatic  CHs  using  the  HOHAHA  spectra  (MLEV- 17  pulse  sequence  [3],  r  =  40 
and  80  ms.  This  was  followed  by  sequential  assignment,  based  on  a  search  for 
short  range  NOESY  and  ROESY  [4]  cross-peaks  between  the  CaH ,  CfiH  or 
N H  of  residue  (/')  and  the  NH  of  residue  (t  +  1)  in  the  sequence.  The  Z 
stereochemistry  for  the  alkenic  moiety  in  AAbul8  was  established  by  the  chemical 
shift  of  the  Cy/Z,  (61.86),  and  unambiguously  confirmed  by  the  observation 
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Table  1  ‘H  NMR  ( 600  MHz)  chemical  shifts  of  subtilin  (2  mM)  in  aqueous  solution  (pH 
2. 5;  H:0. 85 :  D:0 , 15)  at  303  K 


8  (p.p.m.) 

N  H 

CaH 

cm 

CyH 

C8H  Ct  H 

Trp1 

4.48 

3.50.3.55 

7.37,7.66,7.19.7.34,7.61  (IndC^H,) 

10.40  (Ind  HH) 

Lvs2 

8.87 

4.37 

1.86.1.92 

1.42.1.48 

00 

7.58  ( 

N tH-.  ■ ) 

d- Ala,3  4 — , 

8.69 

4.86 

3.11.3.32 

Glu4 

1 

7.98 

4.15 

1.58.1.90 

2.20.2.29 

AAla-' 

S 

9.71 

5.50.5.66 

Leu* 

1 

8.85 

4.47 

1.78 

1.73 

0.95.1.00 

Ala,7  — 

_ 1 

8.29 

4.58 

3.08.3.18 

n-Abu6  ' 

' - , 

8.82 

5.15 

3.49 

1.46 

Pro4 

s 

4.48 

2.00.2.50 

1.87.2.20 

3.47.3.50 

Gly10 

1 

8.77 

3.68,4.42 

Ala  11 

_ 1 

8  03 

4  08 

no  ^  t> 

Val12 

8.41 

4.26 

2.12 

1.03 

o-Abu13 

— 1 

8.35 

4.69 

3.65 

1.38 

Gly14 

1 

8.39 

4.11.4.28 

Ala15 

1 

8.61 

4.20 

1.48 

Leu16 

s 

8.53 

4.31 

1.83 

1.72 

0.98.1.00 

Gin'7 

1 

7.85 

4.51 

2.26 

2.44.2.50 

6.92,7.55  (7CON //-) 

A'.Abu'* 

8.74 

6.91 

1.86 

Ala,'4  - 

_ 1 

7.60 

4.48 

2.94.3.00 

Phe2" 

8.10 

4.68 

3.15,3.22 

7.29.7.45.7.40  (CJR) 

Leu71 

7.97 

4.40 

1.68 

1.51 

0.93.0.98 

Gin-'-’ 

8.25 

4.36 

2.12.2.20 

2.47 

6.82.7.51  (yCONZ/-) 

i>Abu-3 

— 1 

8.68 

5.00 

3.64 

1.44 

Leu24 

s 

8.02 

4.72 

1.96 

1.64 

1.00.1.06 

r>-Abu23 

— h 

9.34 

4.94 

3.60 

1.47 

Ala,-’6  - 

_ 1  1 

7.88 

4.00 

2.84.3.78 

Asn-” 

s 

8.72 

5.01 

2.76.2.97 

6.96.7.65  (0CON/7-) 

Ala,-’6  — 

- 1 

7.74 

4.32 

2.81.3.70 

Lvs24 

8.52 

4.45 

1.82,1.91 

1.45 

1.51  3.06 

7.58  (Nc//r) 

He  jo 

8.24 

4.30 

1.98 

1.30.1.58; 

0.96 

1.04 

AAla" 

9.67 

5.79,5.82 

Lvs32 

8.35 

4.47 

1.88.2.02 

1.54 

1.77  3.10 

7.58  (Nftf,4) 

•“Alanine,  and  b  a-aminobutyric  acid  moieties  of  the  (25,6/?)-lanthionine  and  (25,3S.6/?)-3-methyl- 
lanthionine  residues. 


of  intraresidue  AAbuNf/-Cy//?  and  sequential  AAbuC/3//-Ala,N//N0ESY  cross¬ 
peaks. 

The  temperature  dependence  of  the  amide  N// chemical  shifts  was  determined 
over  the  range  283  to  303  K.  The  temperature  coefficient  values  observed  for 
the  backbone  amide  N//s  of  Glu4,  Ala,7,  Ala,11,  Gly14,  Gin17,  Ala,19,  Ala,-6  and 
Ala,:x  indicate  that  these  protons  are  either  solvent  shielded  or  involved  in 
intramolecular  H-bonds  (Table  2).  The  amide  N aH  of  Ala,11,  Q17  and  Ala,19 
are  most  probably  involved  in  stable  intramolecular  H-bonds,  particularly  the 
Ala,nNa/T — O  =  CAbux  stabilizing  a  (3- turn  in  Ring  B.  The  corresponding  amino 
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Table  2  Comparison  of  the  temperature  coefficients  (-Ad/ AT x  10-3,  ppm/K)  of  the 
backbone  amide  iVH  for  nisin  and  subtilin  in  aqueous  solution 


Nisin 

Subtilin 

-A6/ATx  10-1 

8.0-16.6 

2.1-3. 1 

1. 2-1. 7 

0.5- 1.4 

3. 5-5. 9 

9.5-16.4 

Amino  acid 
residues 

Remaining 
residues; 
G'o  (3.7), 
G18  (4.3), 
A’4  (5.7), 
As28  (5.9) 

I4,  A/ 

G14,  A* 

A,".  M17, 
A,1’ 

A,11,  Q17, 
As'4 

E4,  As7, 

G'4,  A,26, 

A,28 

Remaining 

residues; 

G10  (7.6), 
AB18  (7.0) 

L24  (6.5) 

acid  residues  in  nisin  were  also  observed  to  display  low  temperature  coefficients 

(Table  2),  suggesting  that  the  two  lantibiotics  adopt  similar  conformations  in  >t* 

aqueous  solution.  Interestingly,  substitution  of  Gly  (found  in  nisin)  by  the  more 

rigid  AAbu  in  subtilin  does  not  appear  to  affect  the  conformation  of  Ring  C. 

Preliminary  analysis  using  distance  constraints  derived  from  observed  NOEs 
revealed  that  subtilin  is  a  rather  flexible  molecule  and  the  only  defined  con¬ 
formational  features  were  those  imposed  by  the  lanthionine  residues.  Similar 
results  were  obtained  with  nisin  in  aqueous  buffer  [5].  However,  subtilin  and 
nisin  display  quite  different  spectrum  of  antimicrobial  activities  against  Gram- 
(+)  organisms. 
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Introduction 

We  have  focussed  our  attention  on  the  SAR  among  peptides,  mostly  cyclic 
somatostatin  analogs,  using  2D  NMR  for  the  conformation  determination.  Three 
main  problems  occurred  in  this  approach:  a)  due  to  the  size  of  the  peptides, 
the  tc  value  was  unfavorable  for  accurate  and  sensitive  NOE  measurements; 
b)  many  averaging  conformations  were  present;  c)  the  choice  of  the  medium 
was  essentially  determined  by  the  criteria  of  measurement  capability  without 
any  correlation  with  the  biological  surroundings.  Some  of  these  problems  were 
overcome  by  the  synthesis  of  more  conformational  restricted  analogs.  We  tried 
to  overcome  these  problems  through  improvements  of  the  measurement  methods. 

Results  and  Discussion 

Cyclic  analogs 

SMS  201-995  [1]  has  been  measured  in  a  DMSO-oh/H:0  mixture  at  303  K 
and  273  K.  In  this  case  all  sequential  NOEs  are  observed  and,  as  in  DMSO 
and  HiO,  the  small  temperature  dependence  of  Thrl0NH  and  the  small  value 
of  3Jnh-coh  °f  o-Trp8  indicate  the  presence  of  a  /3U  turn.  NOEs  between  Thr10 
and  Phe7  confirm  the  proximity  of  the  residues.  The  temperature  dependence 
of  Thr12  is  also  small  which  indicates  the  presence  of  an  H  bond  between  Thr12NH 
and  D-Phe5C  — O.  The  proximity  of  both  side  chains  is  also  confirmed  by  an 
NOE  between  Thr12CHi  and  o-Phe5  arom.  These  parameters  are  in  favor  of 
the  predominant  /3irt urn-/?  sheet  conformation  proposed  previously.  An  upfield 
shift  of  Lys97  is  also  observed  and  the  proximity  of  the  D-Trp8  and  Lys9  side 
chains  is  proven  now  by  many  NOEs  between  them.  The  orientation  of  the 
other  side  chains  is  still  flexible  except  for  Thr10  and  Thr'2. 

The  same  measurements  were  performed  on  DC  13-116  [2],  They  indicate 
again  a  (3iV  turn-antiparallel  (3  sheet  conformation  confirmed  by  Tyr7-Val10.  Thr12- 
Tyr7.  Cys<\  D-Nal5  NOEs.  The  proximity  of  the  Lvs9  and  D-Trp8  side  chains 
is  demonstrated  by  the  observation  of  many  NOEs  between  them.  In  methanol 
at  193  K,  DC  13-116  adopts  the  same  conformat  on  and  again  the  proximity 
of  the  o-Trp8  and  Lys9  is  proven  by  NOEs.  c(GABA-Asn-Phe-Phe-D-Trp-Lvs- 
Thr-Phe)  [3]  has  also  been  measured  in  CD?OH  at  193  K.  Assignments  were 


305 


H.  Jaspers,  P.  Verheyden  and  G.  Van  Binst 


done  by  TOCSY,  COSY  and  NOESY  spectra.  Two  different  conformations  are 
identified  in  a  ratio  3/1. 

Conformational  parameters  are  only  measurable  for  the  major  conformer. 
Due  to  line  broadening,  the  values  of  the  vicinal  coupling  constants  (3Jnh-c0h- 
UcaH-c/JH)  are  not  available.  Furthermore,  temperature  coefficients  of  the  amide 
protons  cannot  be  determined,  since  the  coalescence  temperature  is  as  low  as 
213  K.  Conformational  information  can  only  be  extracted  from  NOEs  and 
chemical  shift  values.  For  the  major  conformer,  an  intense  NOE  between  Lvs9NH 
and  Thr'°NH  is  observed,  which  is,  keeping  in  mind  the  presence  of  a  D-amino 
acid  in  position  8,  characteristic  for  a  /Jff-  turn  including  residues  7.  8,  9  and 
10.  An  intense  NOE  between  Thr10y  and  Phe6H()  is  confirming  this  turn.  The 
Phe6  side  chain  is  oriented  towards  residue  10.  Stacking  between  Phe*’  and  Phe11 
side  chains  becomes  possible  but  cannot  be  proven  by  NOE  due  to  the  fact 
that  the  aromatic  protons  only  differ  slightly  in  chemical  shift.  However,  the 
Lys97  protons  appear  at  1.54/1.30  ppm,  indicating  the  absence  of  the  typical 
upfield  shift  observed  in  all  active  somatostatin  analogs.  No  NOEs  are  observed 
between  the  D-Trp8  and  Lys9  side  chains. 

Linear  analogs 

DC  25-24  [4]  is  active  as  a  GH  inhibitor,  while  DC  23-89  is  almost  devoid 
of  activity.  Both  were  measured  in  CD3OH.  For  DC  25-24,  the  NH  temperature 
dependence  of  Val10  is  not  linear:  between  273  and  323  K,  the  temperature  shift 
is  rather  important  (-3.6  ppb/K);  from  223-273  K  the  value  is  -2.5  ppb/K 
and  for  the  193-223  K  region  the  temperature  dependence  becomes  small 
(-1.2  ppb/K).  This  indicates  a  conformational  change  during  the  temperature 
lowering.  The  3Jnh-CoH  of  D-Trp8  (4.6  Hz)  is  small.  These  parameters  are 
compatible  with  a  /3M  turn  identical  to  those  of  the  cyclic  analogs.  NOEs  confirm 
the  proximity  of  Val10  and  Tyr7  in  the  turn  and  of  Thr12-Cpa6,  D-Phe5  in  the 
/3-sheet  structure.  The  parameters  of  this  active  linear  structure  can  be  super¬ 
imposed  on  those  of  the  cyclic  one.  Measurements  under  the  same  conditions, 
on  the  inactive  compound  DC  23-89  show  a  higher  value  for  the  A6/AT  of 
Thr10,  fewer  nonsequential  NOEs  and  as  a  result  a  much  less  pseudocyclic 
conformation. 
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Introduction 

Topographical  considerations  in  the  design  of  highly  selective  and  potent 
peptide  ligands  indicate  that  fixing  or  biasing  the  side  chain  of  critical  amino 
acids  to  specific  conformers  should  provide  new  insight  into  peptide  confor¬ 
mation-activity  relationships  [1],  As  an  example,  the  phenylalanine  side  chain 
can  be  fixed  into  the  gauche  (-)  (*i  =  -60)  or  gauche  (+)  (xi  —  +60)  conformation 
by  cyclization  to  l,2,3,4-tetrahydroisoquinoline-3-carboxvlic  acid  (Tic)  1  [2], 
depending  on  whether  it  is  in  the  N-terminal  or  in  an  internal  position.  Since 
many  opioid  peptides  have  an  N-terminal  tyrosine  residue,  the  corresponding 
tetrahydroisoquinoline  derivative  2  (HO-Tic)  is  very  useful  for  investigating  the 
topographical  requirements  of  this  residue  for  the  different  opiate  receptors. 

Results  and  Discussion 

The  preparation  of  HO-Tic  by  a  Pictet-Spengler  reaction  using  formaldehyde 
in  acidic  conditions,  as  is  used  for  Tic.  does  not  succeed  due  to  a  polymerization 
reaction  [3],  A  very  tedious,  low  yield  preparation  has  been  reported  [4],  We 
have  prepared  HO-Tic  in  2  steps,  starting  from  3',5'-diiodo-  or  3\5'-dibromo- 
tyrosine  and  formaldehyde,  by  using  a  lower  reaction  temperature  (72-75°C) 
and  longer  reaction  time  (18  h),  which  avoids  dehalogenation  and  racemization, 
yields  55%  and  30%,  respectively.  Deiodination/debromination  is  performed 
by  catalytic  hydrogenolysis  before  or  after  Boc-protection  (avg.  yield  ca.  70%). 
Boc-HO-Tic  was  incorporated  into  the  ^-selective  dermorphin  analog  2,  and 
into  the  6-selective  deltorphin  5  and  DPDPE  analog  8.  Their  binding  affinities 
to  rat  brain  membranes  and  their  activities  in  the  MVD  and  GPI  bioassays 
are  collected  in  Table  1.  A  substantial  loss  of  potency  is  observed  for  each 
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Table  1  Biological  activities  (ICf0,  nM)  and  chemical  shift  of  o-Ala 2  methyl  signal  (DMSOj 


Compound 

GPI 

MVD 

[W 

[’H]6b 

<5(CHi) 

dermorphin 

1 

6.18 

79.2 

- 

- 

0  67(7) 

[HO-Tic1  [dermorphin 

2 

- 

- 

1  615 

>10000 

0.90 

[TicJ[dermorphin 

3 

1  166 

>10000 

- 

- 

1.02+  1 .04" 

deltorphin  B 

4 

3000 

0.97 

16  795 

0.4 

0.69(9) 

[HO-Tic'ldeltorphin  B 

5 

>30000 

89.8 

>  10000 

304 

0.91 

[Tic5 6 7 8 * 10[deltorphin  B 

6 

>30000 

116.8 

26  500 

740 

1 .05  +  1 .05' 

DPDPE 

7 

9214 

1  24 

609 

5.25 

[HO-Tic1 1DPDPE 

8 

>40000 

265 

93  044 

346 

J[’H)CTOP,  b['H)p-ClDPDPE.  'cis-trans  rotamers. 


compound.  For  the  6  receptor,  topographical  considerations  suggest  a  close 
proximity  of  the  Tvr1  and  Phe4  sidechains  in  DPDPE  [5],  which  explains  the 
present  drop  in  potency  of  8.  For  dermorphin  1  and  analogs  a  shielding  of 
the  D-Ala:  methyl  signal  by  the  Tyr1  and  Phe'  sidechains  is  observed  (Table 
1),  which  is  further  confirmed  by  the  presence  of  NOE’s  between  the  methyl 
and  both  aromatic  'ings  [6,7],  and  a  tilted  stacking  interaction  was  proposed 
as  an  important  structural  requirement  for  /^-affinity  [8],  Similar  NMR  obser¬ 
vations  were  made  for  deltorphin  B  4  [9],  The  [HO-Tic1]  analogs  cannot  adopt 
the  required  sidechain  orientation  in  agreement  with  the  low  potencies  ob¬ 
served.  In  view  of  toese  observations  it  can  be  concluded  that  the  g(-)  confor¬ 
mation  for  the  Ty  1  sidechain  is  not  favorable  for  interaction  with  both  the 
H-  and  the  6-opute  receptors.  For  the  ^-receptor  specific  octapeptide 

D-Tic-Cvs-Tyr-D-Trr-Lys-Thr-Pen-Thr-NFF  however,  it  was  concluded  that  the 
bioactive  model  required  some  distance  between  the  aromatic  ring  pharmaco¬ 
phores  in  position  1  and  3  [10].  The  requirements  for  this  antagonist  appear 
to  be  different  from  those  for  the  dermorphin  agonists.  The  loss  of  potency 
in  [Tic3]-analogs  3  and  5  may  be  due  to  a  g(+)  conformation  of  the  sidechain 
[2],  as  indicated  by  he  upfield  shift  of  the  methyl2  signal. 
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Introduction 

The  shortest  AChR  fragment  to  be  significantly  recognized  by  anti-AChR 
antibodies  is  the  <*67-76  sequence  (Trp67-Asn68-Pro69-Ala70-Asp71-Tyr72-Gly73- 
Gly74-Ile75-Lys76  in  Torpedo  californica),  although  its  Ab  binding  affinity  is  about 
0.1%  that  of  the  intact  AChR  [1].  The  natural  sequence  and  its  [Ala]-analogs 
exhibit  no  NOESY  connectivities  in  water,  but  in  DMSO  [2]  or  in  the  presence 
of  2%  (molar  ratio)  of  an  anti-AChR  Ab  in  water  [3],  more  or  less  numerous 
and  intense  NOESY  connectivities,  according  to  their  Ab  binding  affinity,  indicate 
the  occurrence  of  a  preferred  conformation.  We  have  compared  by  2D  NMR 
and  molecular  modeling  the  conformational  properties  of  the  natural  sequence 
and  of  the  [Ala76]-analog  (200%  mAb6  binding  affinity  [4])  in  the  free  state 
in  DMSO  and  in  the  bound  state  to  the  monoclonal  anti-AChR  antibody  mAb6 
obtained  by  immunizing  rats  against  the  Torpedo  AChR  [5], 

Results  and  Discussion 

In  DMSO,  the  free  <*67-76  peptide  exhibits  more  numerous  and  intense  NOESY 
connectivities  than  the  [AIa76]-analog  which  is  therefore  less  rigidly  structured. 
In  particular,  all  the  d„N  and  dNN  NOESY  connectivities  appear  all  along  the 
chain  of  the  former  whereas  those  for  the  C-terminal  dipeptide  are  absent  from 
the  latter.  Moreover,  some  short  main  chain-sidechain  and  sidechain-sidechain 
interproton  distances  indicate  a  folded  conformation  of  the  natural  sequence 
(Table  1).  However,  the  values  of  the  and  Jap  coupling  constants  denote 
a  flexible  orientation  of  the  sidechains,  and  their  NOE  connectivities  cannot 
be  used  as  conformational  constraints  in  energy  minimization  and  molecular 
dynamics  simulations.  Using  SYBYL  and  BIOGROMOS  programs,  the  main 
chain-main  ch?:.n  constraints  result  in  a  stable  folded  conformation. 

The  situatioi.  is  completely  different  when  the  peptides  are  in  contact  with 
mAb6  in  aqueous  solution.  Under  these  conditions,  the  [Ala76]-analog  gives  much 
more  numerous  and  intense  TR-NOESY  connectivities,  especially  in  the  region 
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Table  1  Strong  (s).  medium  (m)  and  weak  (w)  NOESY  correlations  between  the  side  chains 
of  the  mAb6-bound  [Ala76  f  analog  in  water.  The  same  data  are  indicated  between  brackets 
for  the  free  natural  sequence  in  DM  SO 


Residue 

Asn“ 

Pro6" 

Ala’0 

Asp71 

Tvr': 

lie75 

Ala'6 

Trp67 

m 

m(w) 

m 

w 

w(w) 

m(w) 

Pro6" 

m 

Ala'" 

w 

w 

Asp'1 

s(W) 

Tvr'-' 

s(m) 

m 

corresponding  to  the  C-terminal  dipeptide.  This  confirms  that  the  flexible  [Ala7^]- 
analog  is  more  tightly  recognized  by  mAb6  with  more  close  atomic  contacts. 
However,  most  of  the  dnN  and  dNN  TR-NOESY  correlations  are  hardly  visible, 
probably  because  of  the  weak  presaturation  power  applied  in  addition  to  the 
Jump-return  sequence  required  for  maximum  attenuation  of  the  solvent  signal 
in  aqueous  solution.  Thus  the  only  TR-NOESY  correlations  visible  in  H20  under 
these  conditions  concern  non-exchangeable  protons  as  indicated  in  Table  1. 

It  is  important  to  note  that  the  free  a67-76  peptide  in  DMSO  and  the  bound 
[Ala76]-analog  in  aqueous  mAb6  solution  give  practically  the  same  NOE  patterns, 
as  indicated  in  Table  1  for  the  non-exchangeable  protons.  However  these  NOE 
patterns  are  much  weaker  in  DMSO,  as  the  result  of  the  flexible  orientation 
of  the  sidechains.  Therefore,  the  stronger  TR-NOESY  correlations  observed  in 
the  mAb6  complex  denote  a  rigidification  of  the  sidechains  due  to  the  antigen- 
antibody  interaction. 
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Introduction 

The  reduced  peptide  bond  ^(CHiNH)  [I],  one  of  the  simplest  peptide  bond 
replacements,  has  been  widely  and  successfully  used  in  the  design  of  metabolically 
stable  agonists  or  antagonist  [2]  of  natural  peptides,  or  enzyme  inhibitors  [3]. 
However,  this  replacement  causes  an  increase  in  the  flexibility  of  the  peptide 
backbone  and  a  decrease  in  the  H-bonding  properties,  by  loss  of  the  H-bonding 
acceptor  amide  carbonyl  group.  Here,  we  describe  an  easy  and  general  method 
for  the  synthesis  of  the  new  cyanomethyleneamino  ^[CHCCN)NH]  pseudo¬ 
peptides  3.  In  this  new  peptide  bond  surrogate,  the  cyano  group  keeps  some 
H-bonding  acceptor  properties  while  the  new  asymmetric  center  could  impart 
higher  backbone  rigidity  than  the  reduced  peptide  bond. 

Results  and  Discussion 

From  the  electronic  point  of  view  the  'P[CH(CN)NH)  surrogate  is  similar 
to  the  peptide  bond  but  geometrically  it  is  more  similar  to  the  tetrahedral  transition 
state  (Fig.  1)[4], 

The  cyanomethyleneamino  pseudopeptides  3  were  obtained,  via  a  modified 
Strecker  synthesis,  by  the  Lewis  acid  catalyzed  reaction  of  the  N-protected  a- 
amino  aldehydes  1  with  a  C-protected  amino  acid  (Table  1,  entries  1-12)  or 
peptide  (Table  1,  entries  13  and  14)  2,  in  the  presence  of  trimethylsilylcyanide 
(TMSCN).  The  stereochemistry  of  the  new  chiral  center  was  established  by  the 
J4  5  value  in  the  ‘H  NMR  spectra  of  the  2-imidazoIidinones  6.  The  influence 
of  the  nature  and  configuration  of  compound  2  on  the  stereochemistry  of  the 
new  asymmetric  carbon  is  shown  in  Table  1. 


Fig.  I.  Structures  of  peptide  bond.  'f'fCH(CN)NH)  surrogate  and  tetrahedral  transition  state. 


d* 
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Table  1  V[CH( CN)NH]  Stereoisomeric  ratio  of  3 


'J'fCHfCNfNH] 


Entry 

P 

Xaa 

Yaa 

R 

Sa 

1 

Z 

L-Phe 

i.-Ala 

1 

1 

2 

Z 

L-Phe 

i.-Leu 

1 

1 

3 

Boc 

L-Phe 

i-Leu 

1 

1 

4 

Boc 

L-Phe 

o-Leu 

1 

3 

5 

Boc 

i.-Phe 

i-Val 

2 

1 

6 

Boc 

i  -Phe 

i  -Pro 

9 

1 

7 

Boc 

i-Phe 

i  -Glu(OMe) 

1 

1 

8 

Boc 

L-Phe 

i.-Lys 

1 

1 

9 

Z 

i  -Leu 

i  -Leu 

1 

1 

10 

Z 

i-Trp 

i-Phe 

3 

2 

II 

Boc 

i  -Lvs(Boc) 

i  -Phe 

2 

1 

12 

Boc 

i.-Lys(Boc) 

t-Trp 

2 

1 

13 

Boc 

L-Phe 

L-Ala-L-Pro 

1 

1 

14 

Boc 

i.-Phe 

i  -Leu-L-Pro 

3 

1 

1  Determined  by  RPHPLC. 


As  shown  in  Fig.  2,  extension  at  the  N-terminus  of  these  new  pseudopeptides 
5  was  successfully  achieved  to  provide  compounds  7. 

In  conclusion:  a)  The  new  bond  ^[CH(CN)NH]  seems  to  be  a  reasonably 
good  mimic  of  the  peptide  bond  and  of  the  tetrahedral  transition  state  involved 
in  the  amide  bond  hydrolysis,  b)  The  general  method  for  the  preparation  of 
these  pseudopeptides  is  easy  and  could  be  probably  applied  to  solid-phase 
synthesis,  c)  The  versatility  of  the  CN  group  makes  these  pseudopeptides  suitable 
starting  materials  for  the  preparation  of  other  analogs. 


Fig.  2.  Synthesis  of  pseudopeptides. 
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Introduction 

Neocarcinostatin  (NCS),  an  antibiotic  protein  isolated  from  Sireptomyces 
carcinostaticus  [1],  has  attracted  great  interest  because  of  its  unique  broad 
antitumor  activity  and  relatively  low  toxicity  [2].  The  inhibition  of  cell  growth 
by  this  drug  has  been  attributed  to  its  non  proteic  chromophore  which  was 
found  to  provoke  strand  scissions  of  DNA  [3].  The  chromophore  itself  is  easily 
inactivated  by  light  and  heating  due  to  its  labile  and  reactive  molecular  structure 
containing  both  epoxy  and  acetylenic  functions  [4].  Despite  its  intrinsic  instability 
in  the  free  state  even  under  physiological  conditions,  complexed  in  the  holo- 
NCS  it  was  found  to  be  relatively  stable  in  vivo;  upon  penetration  of  the  cells. 
NCS  is  supposed  to  release  the  active  principle  at  the  level  of  the  cell  nuclei, 
to  exert  its  pharmacological  activities  [5,6]. 

In  order  to  understand  this  mechanism,  the  solution  structure  of  this  complex 
of  the  protein  and  the  chromophore  was  investigated  by  2D  NMR  measurements 
[7]  and  distance  geometry  calculations. 

Results  and  Discussion 

The  sequence-specific  resonance  assigments  of  all  the  backbone  protons  and 
more  than  95%  of  side-chain  protons  of  NCS  were  achieved  by  the  procedure 
of  Wuthrich.  By  using  both  sequential  and  interstrand  NOE  connectivities,  the 
secondary  structure  of  the  protein  was  deduced.  It  consists  mainly  of  two  large 
0-sheets,  one  of  which  is  composed  of  six  strands  arranged  in  an  antiparallel 
fashion.  All  the  protons  of  the  chromophore  were  assigned  in  the  complex  state. 
Furthermore  73  NOE  cross  peaks  which  were  detected  in  the  NOESY  spectrum 
and  attributed  to  the  intermolecular  interaction  between  the  protein  and  the 
chromophore  provided  data  to  elucidate  the  structure  of  the  complex.  The 
intermolecular  NOEs  between  the  six  stranded  sheet  portion  and  the  chromophore 
showed  that  the  sheet  bends  to  form  a  0-barrel  structure  in  which  the  chromophore 
is  shielded  from  exposure  to  the  solvent.  The  inside  surface  of  the  barrel  forms 
a  hole  exposing  only  backbone  protons  which  gives  rise  to  NOEs  with  the 
naphthalene  moiety  of  the  chromophore;  the  naphthalene  moiety  is  positioned 
at  the  bottom  of  the  crevice.  Further  NOE  data  revealed  that  the  most  mobile 
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Fig.  I.  The  3D  structure  of  NCS  in  the  holo-state  elucidated  by  NMR  and  distance  geometry  calculations, 
using  the  DAD  AS  program. 

portion  of  the  chromophore  interacts  with  a  hydrohobic  cluster  of  NCS  consisting 
of  the  side  chains  of  Trp,  Leu  and  Phe  residues. 

Figure  1  shows  the  protein  is  composed  by  the  /3-sheet  taking  the  barrel  structure 
which  is  lined  with  the  other  /3-sheet.  Recently  the  3D-structure  of  apo-NCS 
in  solution  was  determined  by  NMR  [8].  The  comparison  between  the  structures 
of  the  holo-  and  apo-NCS-proteins  allows  to  propose  a  possible  mechanism 
of  exposure  or  release  of  the  active  principle  by  subtle  environmental  changes, 
e.g.  pH-values. 
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Introduction 

The  conformation-inducing  properties  of  the  amide  surrogates  introduced  in 
pseudopeptides,  and  their  tendency  to  participate  in  different  interactions,  have 
received  little  attention  so  far  [1],  We  have  developed  the  synthesis  of  the  N- 
OH  and  N-NH2  amide  groups,  and  examined  their  compatibility  within  a  /?- 
turn  [2]. 

B1  Piv-Pro</>[CO-N(OH)]Gly-NHiPr  B2  Piv-Pro-Gly<A[CO-N(OH)]NHMe 
Cl  Piv-Pro#CO-N(NH2)]Gly-NHiPr  C2  Piv-Pro-Glyi/r[CO-N(NH2)]NHMe 

Fig.  I.  Analogs  of  Piv-Pro-Glv-NHiPr  (A)  and  Piv-Pro-Gly-NHMe. 

Results  and  Discussion 

B1  was  obtained  by  action  of  BzlO-NH2  on  BrCH2-CO-NHiPr,  coupling  of 
Piv-Pro-OH  using  DCCI  and  DMAP,  and  hydrogenolysis  of  the  benzyl  group 
on  5%  Pd-C.  B2  was  prepared  from  Piv-Pro-Gly-OH  and  HO-NHMe  under 
the  same  coupling  conditions.  The  obtention  of  the  N-NH2  amide  link  depends 
on  the  amino  acid,  the  N-alkylhydrazine  and  the  coupling  reagent. 

The  four  crystal  structures  show  that  the  N-OH  and  N-NH2  amides  are  trans 
planar  and  have  dimensions  very  close  to  those  of  the  peptide  fragment  [3], 
in  addition  with  the  N-O  and  N-N  bond  lengths  of  about  1.40  A.  Both  N- 
OH  and  N-NH2  groups  are  involved  in  intermolecular  interactions  as  proton- 
donating  sites  to  carbonyls,  but  the  former  gives  much  shorter  contacts  than 


Table  1  Conformational  angles  (°),  and  distance  (A)  of  the  intermolecular  interactions 
involving  the  N-OH  or  N-NH2  group  in  the  solid  state 


Compound 

Pro 

Gly 

C(0)-N-X-Ha 

X  o- 

0 

0 

0 

Blb 

-61 

141 

97 

-21 

105 

2.60 

Clb 

-60 

142 

98 

-19 

-127/  136 

3.02  /  3.02 

B2C 

-76 

156 

120 

-176 

92 

2.62 

C2C 

-67 

158 

141 

-171 

-119/  112 

3.04  /  3.04 

aX  =  O  in  B1  and  B2.  or  N  in  Cl  and  C2.  bj8II-turn.  cOp.n-conformer. 
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7,5 


7.0 


Fig.  2.  Solvent-sensitivity  of  the  ,\H(iPr)  proton  SMR  signal  for  A,  B1  and  Cl  in  CDCIj/DMSO- 
d,,  mixtures. 
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K* 
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the  latter  (Table  1).  B1  and  Cl  retain  the  011-turn  structure  whereas  both  B2 
and  C2  adopt  open-conformations  (Table  1). 

The  conformational  properties  in  solution  have  been  studied  by  considering: 
(a)  the  N-H  and  C-O  stretching  frequencies  in  CH2C12  and  DMSO,  and  (b) 
the  solvent  sensitivity  of  the  N//(iPr)  proton  NMR  signal  in  CDClyDMSO- 
d6  mixtures  (Fig.  2).  For  both  A  and  Cl,  the  low  N-H(iPr)  and  C  =  0(tBu) 
stretching  frequencies  in  CFFCh  and  DMSO  are  typical  of  a  0-turn  structure. 
Moreover,  the  small  solvent-sensitivity  of  both  N//(iPr)  resonances  shows  that 
they  have  a  similar  0-turn  propensity. 

The  greater  solvent-accessibility  of  N//(iPr)  for  B1  reveals  some  perturbative 
effect  of  the  N-OH  group,  and  the  very  low  C  =  0(tBu)  stretching  frequency 
in  CH:C1:  (1581  cm-'  instead  of  1597  cm-1  for  Cl)  indicates  the  occurrence 
of  the  strong  N-OH  0  =  C(tBu)  hydrogen  bond  closing  an  8-membered  cycle. 
Similarly,  the  small  C  =  0(tBu)  frequency  for  B2  in  CH2C12  (1602  cm-'  instead 
of  1624  cnr1  for  C2)  also  indicates  the  occurrence  of  the  N-OH  0  =  C(tBu) 
interaction  closing  an  1 1-membered  cycle.  Thus  it  appears  that  the  strong  proton- 
donating  '  -OH  is  capable  of  forming  ‘expanded’  y-  and  0-turns  in  which  the 
chelation  ring  is  one-atom  larger  than  in  normal  peptides.  In  contrast  to  the 
0-turn  in  A  [4],  these  structures  are  not  retained  in  DMSO,  and  BI  adopts 
a  classical  0-turn  structure  while  B2  adopts  an  open-conformation. 
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Introduction 


Aithough  a  number  of  peptide  and  oligopeptide  models  exist  for  the  study 
of  nucleation  and  propagation  of  a-helices.  the  study  of  /3-sheet  formation  and 
stability  has  been  hampered  by  the  unavailability  of  linear  peptides  that  assume 
unaggregated  sheet  structures  in  solution  [1].  Sheets  have  the  largest  surface 
to  volume  ratio  for  any  element  of  secondary  structure,  and  an  important  question 
at  the  beginning  of  these  studies  was  whether  this  structural  feature  enforces 
aggregation  at  every  concentration  that  is  of  practical  interest.  As  discussed 
in  earlier  reports  [2-4],  our  approach  to  the  formation  of  sheet  structures  is 
the  study  of  conjugates  of  peptides  with  planar  heteroaromatic  nuclei  that  provide 
the  hydrogen  bonding  pattern  of  sheet  structures,  without  side-chain  interactions. 
The  epindolidione  conjugates  1  and  2  provide  models  for  antiparallel  and  parallel 
/3-sheets  (Fig.  1). 

Results  and  Discussion 


The  degree  of  association  of  1  in  organic  solvents  has  been  examined  by  vapor 
phase  osmometry  as  well  as  by  'H  NMR  and  CD  .  As  noted  previously  structures 
1  in  which  the  residue  at  R3  is  a  glycine  exhibit  a  concentration-dependent 
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Chemical  shift  of  the  C-3  proton  (ppm) 

Fig.  2.  Linear  correlation  for  two  derivative  series  of  the  chemical  shifts  of  the  epindolidione  proton 
at  C-3  and  the  NH  of  the  fourth  amino  acid  residue  (arrows).  This  correlation  results  from  the  hydrogen 
bond  of  the  latter,  which  orients  the  carbonyl  of  the  fi-turn  near  C-3. 

dimerization  in  relatively  nonpolar  solvents,  characterized  by  the  appearance 
of  strong  CD  bands  in  the  visible  region.  Correlation  of  CD  dimerization  and 
osmometric  average  molecular  weight  in  chloroform  solution  has  established 
that  in  this  solvent  the  species  1  are  largely  monomeric  in  the  millimolar 
concentration  range.  Their  >H  NMR  spectra  are  invariant  upon  dilution  by  two 
orders  of  magnitude  in  the  more  polar  solvent  DMSO,  consistent  with  a  lack 
of  aggregation.  Not  surprisingly,  aggregation  as  evidenced  by  chemical  shift 
changes  and  line  broadening  was  more  of  a  problem  for  conjugates  2  in  water. 
Satisfactory  convergences  of  'H  NMR  line  shapes  and  8  values  upon  dilution 
in  water  were  dependent  on  side  chain  functionalities  but  were  usually  observed 
in  the  1-20  /liM  concentration  range. 

The  preferred  conformations  for  the  peptide-epindolidione  conjugates  were 
determined  by  examination  of  NH  5  and  -AS/ AT  values,  J  values,  8  value  changes 
for  amino  acid  side  chains  that  reflect  magnetic  anisotropies,  and  NOE  inter¬ 
actions.  The  NMR  data  for  both  1  and  2  were  uniquely  consistent  with  the 
presence  of  frayed  sheet  structures  that  are  nucleated  along  the  peptide  backbone. 
Thus,  the  presence  of  the  /3-turn  function  is  required  for  sheet  formation,  and 
the  first  sheet  hydrogen  bond  is  required  for  formation  of  the  second.  As  reported 
elsewhere  [5],  the  presence  of  the  first  sheet  hydrogen  bond  results  in  juxtaposition 
of  the  turn  amide  carbonyl  and  H-3  of  the  epindolidione  nucleus,  with  resulting 
large  deshielding  effects  of  the  latter  proton  resonance.  Because  this  effect  occurs 
in  isolation  from  the  structural  changes  in  the  peptide  region,  it  provides  the 
most  reliable  measure  of  conformational  stability.  Substantial  variation  of  the 
H-3  value  is  noted  when  the  amino  acids  in  the  sheet  region  are  varied,  as 
noted  in  Fig.  2. 

Under  the  assumptions  that  the  magnitude  of  the  deshielding  of  the  H-3 
resonance  is  proportional  to  the  population  in  sheet  conformations  and  that 
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Fig.  J.  For  a  large  number  of  derivatives  of 
structure  I  the  chemical  shift  values  for  the  protons 
at  C-J  converge  to  a  limiting  value  in  the  strongly 
structuring  solvent  CDCf.  This  limiting  value  cor¬ 
responds  to  a  sheet  conformation  that  is  100% 
populated. 


the  limiting  value  for  100%  occupancy  is  the  same  for  sheet  structures  with 
either  one  or  two  hydrogen  bonds,  one  can  derive  expression  (1)  to  relate  the 
magnitude  of  the  chemical  shift  change  at  H-3  to  the  equilibrium  constants 
K|,  K2  and  K,.  These  constants  relate  the  stability  of  the  random  coil  state 
to  that  of  the  turn,  the  turn  to  a  singly  hydrogen  bonded  sheet,  and  the  doubly 
hydrogen  bonded  sheet,  respectively. 

(«H3-fio)  K,K2(1  +  K,)  (1) 

(«»-Shi)  (1  +  K,) 

The  limiting  value  50  of  H-3  for  the  structureless  case  is  readily  obtained 
from  models.  The  value  8X  for  the  100%  structured  case  is  more  problematic, 
but  is  available  from  the  following  analysis.  Examination  of  >H  NMR  spectra 
of  23  of  the  25  possible  derivatives  resulting  from  substitution  of  Gly,  Ala, 
Leu,  Phe,  and  Val  at  the  sheet  sites  of  1  in  the  structure-breaking  solvent  DMSO 
demonstrates  a  wide  range  of  H-3  5  values.  By  contrast,  the  spectra  in  the  structure- 
stabilizing  solvent  CDClj  for  the  moderate  to  strong  sheet  formers  among  these 
show  a  convergence  to  a  limiting  value  of  9.0  ±0.1  5,  as  noted  in  Fig.  3.  From 
this  analysis  and  certain  further  assumptions  (e.g.,  that  K2  and  K2  are  identical 
for  compact  amino  acid  residues  such  as  Gly  and  Val),  it  is  then  possible  to 
calculate  sheet  stabilization  constants  for  template-nucleated  sheets  in  DMSO 
and  to  calculate  the  fraction  of  the  conformational  population  present  in  sheet 
state  in  this  solvent. 

The  results  of  a  calculation  of  this  kind  are  shown  in  Fig.  4  for  a  strong 
sheet  former,  along  with  the  NOE  interactions  observed  from  a  2D  NMR 
experiment  in  DMSO  solution.  Can  these  observations  and  analyses  be  extended 
to  aqueous  solutions?  We  have  now  assembled  a  substantial  data  base  in  water 
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Fig.  4.  Results  of  a  NOESY  2D  NOE  expe¬ 
riment  in  DMSO-d6.  The  numbers  correspond 
to  NOE  intensities  relative  to  the  ortho  interac¬ 
tion  at  C-3  and  C-4  of  the  epindolidione.  which 
is  assigned  an  intensity  of  100.  The  interactions 
in  the  fl-turn  region  have  been  omitted  for  clarity. 


Fig.  5.  Results  of  a  ROESY  2D  NOE  expe¬ 
riment  in  water.  The  interactions  expected  for 
a  parallel  sheet  structure  are  all  evident. 


for  the  parallel  sheet  conjugates  2. 

Although  the  degree  of  overall  stabilization  is  significantly  smaller  than  for 
the  antiparallel  cases,  in  part  as  a  result  of  greater  structural  readjustment  required 
at  the  turn-sheet  interface,  the  answer  appears  to  be  yes.  The  results  of  a  ROESY 
experiment  with  a  parallel  sheet  in  water  is  shown  in  Fig.  5.  Experiments  are 
in  process  to  quantitate  the  stabilization  effects  in  this  system,  and  to  extend 
the  studies  of  antiparallel  sheets  to  aqueous  solutions. 
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Introduction 

The  de  novo  design  of  proteins  with  predetermined  structure  is  an  important 
endeavor  that  not  only  tests  our  understanding  of  protein  structure  and  folding 
[1-6],  but  also  lays  the  groundwork  for  the  design  of  novel  proteins  with  the 
desired  binding  properties  or  catalytic  activities  [7],  The  overall  goal  of  our 
research  is  to  design  a  small  and  unique  protein  molecule  with  defined  secondary, 
tertiary  and  quaternary  structure,  and  then  to  modify  systematically  the  structure 
to  delineate  the  quantitative  contributions  that  various  amino  acid  side  chains 
make  in  controlling  protein  stability.  The  native  model  protein  consists  of  two 
identical  35-residue  polypeptide  chains,  parallel  and  in  register  (Fig.  1)  arranged 
in  a  two-stranded  a-helical  coiled-coil  structure.  This  structure  is  stabilized  by 
interchain  hydrophobic  interactions  between  leucine  residues  at  positions  ‘a’  and 
‘d’  of  a  repeating  heptad  sequence  [1-5],  To  determine  the  position  effects  of 
interchain  hydrophobic  interactions  on  the  stability  of  the  coiled-coil,  a  single 
leucine  residue  in  each  chain  at  position  ‘a’  or  ‘d’  (positions  5,  9,  12.  16,  19, 
23,  26,  30  or  33)  was  systematically  substituted  by  an  alanine. 

Results  and  Discussion 

The  CD  spectra  for  all  analogs  are  very  similar  to  each  other  and  to  that 


2  S  9  12  16  19  23  26  30  33 

Ac-K-C- A-E-L-E-G-K-L-E-A-L-E-G-K-L-E-A-L-E-G-K-L-E-A-L-E-G-K-L-E-A-L-E-G-amide 

I 

S 

I  d  a  bcdetga  d  a  d  a  d 

S 

Ac-K-C-A-E-L-E-G-K-L-E-A-L-E-G-K-L-E-A-L-E-G-K-L-E-A-L-E-G-K-L-E-A-L-E-G-amide 

Fig.  I.  The  ammo  acid  sequence  of  the  70-restdue  synthetic  two-stranded  a-helical  coiled-coil.  The 
two  series  of  hydrophobes  repeating  at  7-residue  intervals  (3-4  or  4-3  hydrophobic  repeal)  responsible 
for  the  formation  and  stabilization  of  the  coded-coil  are  labeled  as  a'  and  'if.  A  leucine  residue  was 
systematically  substituted  in  each  chain  hv  an  alanine  residue  to  create  a  series  of  coded-cod  analogs 
with  a  single  Ala  replacing  one  of  nine  Leu  residue  at  positions  5.  9.  12.  16,  19.  23.  26.  30  and 
33.  A  disulfide  bond  can  also  be  formed  between  cysteines  at  position  2  in  chain  I  and  chain  2  in 
the  oxidized  coded-cods. 
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Fig.  2.  Plot  of  transition  midpoint  of  guanidine  hydrochloride  concentration.  [GuHClJi/,.  vj.  the 
position  of  the  Ala  substitution  ( 5 .  9.  12.  16.  19.  23.  26.  30  or  33).  The  /  GuHClJi/,  values  were 
determined  from  the  titration  curves  where  [  6  j::u  was  monitored  in  0.1  M  KC1.  0.05  M  POj,  pH7. 
25°C  at  increasing  concentrations  of  Gu-HCl.  Dashed  line  indicates  the  transition  midpoint  of  guanidine 
hydrochloride  concentration  of  the  native  coiled-coil  protein.  Lo  and  Lr  denote  oxidized  and  reduced 
native  coiled-coil.  respectively.  Open  circles  and  closed  circles  represent  Ala  substitutions  at  positions 
'if  and ' a ’  in  oxidized  c oiled-coils,  respectively.  Open  squares  and  closed  squares  denote  Ala  substitution 
at  positions  ‘<f  and  ‘a’  in  reduced  coiled-coils.  respectively. 


of  the  native  coiled-coil.  All  coiled-coil  analogs  are  highly  helical  in  benign  medium 
and  do  not  show  any  increase  in  helicitv  upon  addition  of  the  a-helix-inducing 
solvent,  trifluoroethanol  (TFE).  The  maximum  ellipticitv  at  207  nm  in  benign 
medium  shifts  to  205  nm  in  50%  TFE  and  the  ratio  of  [0]:;(/[0]:o7  changes 
from  1.0  in  benign  medium  to  0.86  in  the  presence  of  50%  TFE.  These  results 
indicate  that  all  analogs  form  a-helical  coiled-coil  structures  in  benign  medium 
and  single-stranded  a-helices  in  50%  TFE  [3.8]. 

The  stabilities  of  coiled-coil  proteins  were  determined  by  monitoring  the 
ellipticity  at  200  nm  as  a  function  of  guanidine  hydrochloride  (Gu-HCl) 
concentration  at  25°C.  The  transition  midpoint  of  the  Gu-HCl  titrations  for 


Fig  3.  Plots  of  difference  in  the  [  GuHClJi/.  between  native  coiled-coil  and  Ala  analogs  vj.  the  position 
of  Ala  substitution  for  the  reduced  and  oxidized  coiled-coils.  The  symbols  are  the  same  as  in  Fig.  2. 
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the  reduced  analogs  showed  a  dependence  on  peptide  concentration  as  expected 
for  the  formation  of  a  dimer,  whereas  the  disulfide-bridge  analogs  showed  no 
such  dependence.  If  the  stability  of  a  two-stranded  coiled-coil  is  due  to 
hydrophobic  interactions  between  leucine  residues  in  the  ka’  and  ‘d’  positions, 
one  would  expect  to  find  a  decrease  in  stability  with  a  substitution  by  a  less 
hydrophobic  alanine  residue  in  these  positions.  As  shown  in  Fig.  2,  all  single 
alanine  substitutions  in  the  same  position  of  each  chain  in  the  coiled-coil  resulted 
in  structures  which  were  less  stable  than  the  native  model  protein.  The  small 
decrease  in  stability  found  for  Leu  —  Ala  substitution  at  the  ends  of  the  coiled- 
coil  (positions  5,  30  and  33  in  reduced  form  and  position  30  and  33  in  oxidized 
coiled-coil)  suggests  that  Leu-Leu  interactions  at  the  ends  of  the  coiled-coil  do 
not  contribute  significantly  to  the  coiled-coil  stability.  These  results  suggested 
an  increase  in  flexibility  at  the  ends  of  the  coiied-coil.  Computer  simulations 
utilizing  molecular  dynamics  are  in  complete  agreement  with  these  results.  In 
the  reduced  coiled-coils,  the  hydrophobic  interactions  at  positions  9,  12,  16, 
19,  23  and  26  are  most  important  and  contribute  equally  to  protein  stability. 
However,  in  oxidized  coiled-coils  the  hydrophobic  interactions  at  positions  ‘a’ 
provide  an  equal  and  greater  contribution  to  protein  stability  along  the  majority 
of  the  coiled-coil  structure  than  at  positions  ‘d’  (Fig.  3).  Our  previous  studies 
[4,5]  have  shown  that  a  disulfide  bridge  makes  a  significant  contribution  to 
the  stability  of  the  a-helical  coiled-coil.  The  similar  decreases  in  protein  stability 
observed  for  Leu —  Ala  substitution  at  positions  ‘d’  along  most  of  the  coiled- 
coil  in  both  reduced  and  oxidized  forms  and  the  greater  decreases  in  stability 
at  position  'a’  in  the  oxidized  coiled-coil  compared  to  the  reduced  coiled-coil 
(Fig.  3)  implies  that  the  stabilization  of  the  coiled-coil  structure  by  the  disulfide 
bridge  is  mainly  due  to  the  increase  of  hydrophobic  interactions  around  position 
‘a’.  The  disulfide  bond  does  not  increase  the  hydrophobic  interactions  around 
positions  ‘d\  These  results  are  the  first  demonstration  of  how  a  disulfide  bridge 
controls  the  conformation  and  stability  of  a  protein  molecule  some  24-residues 
along  the  polypeptide  chain,  which  is  equivalent  to  7  turns  of  the  a-helix  (36 
A).  Clearly,  this  study  has  added  new  insights  to  the  contribution  that  disulfide 
bonds  and  end-effects  have  on  interchain  hydrophobic  interactions.  These  effects 
will  have  major  implications  in  the  de  novo  design  of  protein  molecules. 
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Introduction 

The  TASP  (Template- Assembled  Synthetic  Proteins)  concept  has  been  intro¬ 
duced  a  few  years  ago  [1]  to  overcome  the  most  intriguing  hurdle  in  protein 
de  novo  design  [2-5],  i.e.,  the  protein  folding  problem  [6].  As  a  key  feature 
of  this  approach,  a  topological  template  molecule  serves  to  reinforce  and  direct 
the  intramolecular  folding  of  covalently  fixed  amphiphilic  secondary  structure 
blocks  into  a  predetermined  three-dimensional  conformation.  In  a  series  of  TASPs 
with  4a-helical  bundle  topology  prepared  by  stepwise  SPPS  the  basic  principles 
of  this  approach  were  established  [7-9].  Here  we  focus  on  some  newer  devel¬ 
opments  of  the  TASP  concept. 


Results  and  Discussion 


TASP  molecules  designed  to  exhibit  tailor-made  functional  properties  were 
synthesized  by  SPPS  (T4-(3a,a'))  [8,9]  and  -  as  an  alternative  approach -by 
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Btoclua 


a,4  :  L1  -  E  •  A  -  L  -  E  •  K  •  A  -  L  •  K  -  E  •  A  •  L  •  A  -K  *  L-  G 
«*!«■’  t*  -  K  -  A  - 1.  -  K  •  E  *  A  ■  F*  E  •  K  -  A  -  M  -  A  -E  •  L-  C 
0„  :  o'  ■  A  •  A.b  -  T  ■  *  •  A  •  A.b .  N  -  A  •  Ai»  -  K  •  K  •  L  ■  C  1 * 

:  K* .  L  -  A  -  L-  K .  L  •  A  -  L  *  K  -  A  -  L  •  K  -  L  *A  *  L*  K  *  I.  *  A  '' 


Templates 

T. 


S  i 

T4 


K  ,0 
'C-K 


i 

TASP 

T„-  toj 

T,'.  (4o„l 

Fig.  1.  TASP-moiecules  T/na^j  synthesized  by  SPPS  and  hv  fragment  condensation  techniques. 
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Fig.  2.  Aromatic  (wt)  versus  methyl  (cui)  region  of  a  NOESY 
spectrum  of  Tjfia^.a  tf,)  recorded  in  Hf).  pH  3.0.  at  47°C  with 
a  mixing  time  of  ISO  msec  (9j 

fragment  condensation  of  the  helical  blocks  a  to  the  cyclic  templates  (Fig.  1) 

[10]. 

For  example,  the  condensation  of  the  fully  protected  18-mer  peptide  alg  to 
the  cyclic  template  c(KG)6  for  the  construction  of  the  substrate  binding  6a- 
helical  bundle  T6-(6a18)  proceeded  close  to  completion  as  observed  by  LDI- 
MS  methods  [11].  The  high  purity  of  the  TASPs  as  established  by  HPLC,  CZE 
and  MS  allowed  for  detailed  CD  and  NMR  investigations  [8,9].  Most  notably, 
the  folding  into  the  hypothetical  4a-helix  bundle  structure  of  T4-(3a,a')  (Fig. 
1)  is  strongly  supported  by  at  least  three  separate  crosspeaks  in  the  NOESY 
spectrum  between  F8  in  a\  and  leucine  residues  in  a  or  a'  (Fig.  2).  Furthermore, 
denaturation  experiments  pointed  to  a  considerable  template-induced  increase 
in  the  thermodynamic  stability  of  the  helical  bundles,  the  structural  features 
of  the  various  templates  being  of  notable  importance  for  this  stabilizing  effect. 

As  a  challenging  application  of  the  TASP  concept,  we  are  presently  using 
topological  template  molecules  for  the  presentation  of  protein  surfaces  (‘surfmics’ 
[12, 13]).  As  shown  schematically  in  Fig.  3,  amino  acid  side  chains  of  discontinuous 
reactive  sites  (epitopes,  substrates,  binding  or  catalytic  centres)  are  assembled 

Anti-HELIO  MoAb 


cj2(pPm! 


Fig.  3.  Schematic  representation  of  the  structural  features  of  a  surface  mimetic  (‘surfmic')  as  derived 
from  the  TASP  concept.  Receptor  binding  is  promoted  by  the  reduced  conformational  entropy  of  the 
surfmic’  molecule. 
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Fig.  4.  The  application  of  surface  mimetics  to  the  presentation  of  discontinuous  epitopes  (see  text). 

on  a  conformationally  constrained  template,  thus  mimicking  the  topological 
features  of  a  surface  segment.  As  exemplified  in  Fig.  4,  the  epitope  HEL10 
(left)  [14]  is  represented  by  a  ‘surfmic’  (right)  in  which  the  distances  of  the 
selectively  addressable  attachment  sites  in  the  template  for  Fixing  the  residue 
side  chains  21,  96,  97  and  101  are  comparable  to  those  in  the  native  lysozyme. 
Optimal  interactions  with  the  monoclonal  antibody  anti-HELlO  are  ensured  by 
a  linker  allowing  for  independent  conformational  adjustment  of  the  individual 
side  chains  to  the  receptor  molecule.  Explorative  studies  indicate  [15]  that  this 
application  of  the  TASP  concept  represents  a  powerful  new  tool  in  studying 
the  principles  of  molecular  recognition,  and  in  searching  for  nonpeptidic  drugs. 
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Introduction 

Channel  proteins  are  transmembrane  oligomers  assembled  around  a  central 
aqueous  pore.  Key  functional  elements  include  the  polar  pathway  that  determines 
the  ionic  selectivity  of  the  open  channel,  the  sensor  that  detects  a  stimulus  and 
couples  it  to  the  opening  and  closing  of  the  channel,  and  the  sites  of  action 
of  drugs  and  toxins  that  specifically  modify  the  properties  of  the  channel  [1]. 
Ligand-gated  and  voltage-gated  channels  are  responsible  for  two  fundamental 
properties  of  the  brain,  electrical  excitability  and  synaptic  transmission.  No  high 
resolution  structural  information  is  yet  available.  The  goal  is,  therefore,  to 
understand  functional  properties  of  channel  proteins  in  terms  of  the  underlying 
structural  elements  [2,3]. 

Structural  models  of  channel  proteins  are  based  on  the  physiology  of  the 
molecules  and  on  their  primary  structures,  and  suggest  the  orientation  of 
homologous  subunits  across  the  membrane  in  a  symmetric  or  pseudosymmetric 
array  around  a  hydrophilic  pore.  Extensive  sequence  homology  among  members 
of  each  family  of  ligand-gated  and  voltage-gated  channel  proteins  is  evident 
[4],  In  addition,  segments  predicted  to  adopt  a-helical  transmembrane  structures 
are  identifiable.  It  is  plausible  that  the  pore-forming  structure  of  channel  proteins 
is  an  oligomeric  cluster  of  amphipathic  a-helices  organized  such  that  charged 
or  polar  residues  tine  the  hydrophilic  pore,  whereas  nonpolar  residues  face  the 
hydrophobic  environment  of  the  protein  and  the  bilayer  interior  [2,3]. 

Results  and  Discussion 

Proteins  that  emulate  pore  properties  of  the  nicotinic  acetylcholine  receptor 
(AChR),  a  ligand-gated  channel,  and  the  dihydropyridine  (DHP)  sensitive  calcium 
channel,  a  voltage-gated  channel,  were  designed  and  synthesized.  The  proteins 
consist  of  bundles  of  four  identical,  amphipathic  a-helices  corresponding  to 
specific  segments  of  the  authentic  proteins,  arranged  such  that  charged  or  polar 
residues  face  the  lumen  of  the  pore:  for  AChR,  a  pentameric  protein  with  subunit 
composition  a2^yd,  specific  assignment  of  segments  involved  in  channel  lining 
implicates  M2  of  the  8  subunit  [4]  (EKMSTAISVLLAQAVFLLLTSQR);  for 
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the  calcium  channel,  the  S3  segment  of  the  fourth  internal  repeat  [5]  represents 
a  plausible  pore-lining  element  (DPWNVFDFLIVIGSIIDVILSE).  A  9-amino 
acid  template  molecule  (KKKPGKEKG)  [6]  is  used  to  direct  assembly  of  the 
four  peptide  blocks,  generating  four-helix  bundle  proteins  T4M2S  [7]  and 
T4CaIVS3  [8],  Conformational  energy  computations  and  CD  spectroscopy 
indicate  that  geometric  and  functional  requirements  are  satisfied  for  such 
structures  to  constitute  pore-forming  elements  of  channel  proteins  [2, 3, 7, 8], 
Proteins  are  synthesized  stepwise  by  solid-phase  methods,  purified,  and  incor¬ 
porated  into  planar  lipid  bilayers  [7,8]. 

T4M25  forms  ionic  channels  in  lipid  bilayers  (Fig.  1).  Conductance  events 
are  homogeneous  and  openings  lasting  several  seconds  are  frequent.  The  single 
channel  conductance  in  symmetric  0.5  M  NaCl  is  15  pS.  The  channel  is  cation- 
selective  and  is  blocked  by  /aM  concentration  of  the  local  anesthetic  channel 
blocker,  QX-222  (B)  [7],  These  channel  properties  match  those  of  the  authentic 
AChR  [1], 

Figure  2  shows  single  channel  current  records  obtained  with  T4CaIVS3.  The 
single  channel  conductance  in  symmetric  50  mM  BaCl2  is  1 1  pS.  The  channel 
is  cation-selective  and  conducts  both  divalent  and  monovalent  cations  with  an 
apparent  selectivity  ratio  inferred  from  conductance  ratios  of 
Ba-+>Ca2+>Sr2+>Na+>K+»Cl'  [8].  Channel  conductance  and  selectivity 
agree  with  values  for  the  authentic  DHP-sensitive  calcium  channel  [1]. 

The  DHP-sensitive  calcium  channel  exhibits  nanomolar  affinity  for  many  DHP- 
derivatives  [I],  The  synthetic  pore  protein  T4CaIVS3  emulates  this  pharmaco¬ 
logical  property  of  the  authentic  channel  as  illustrated  in  Fig.  2:  channels  are 
blocked  by  the  DHP-derivative  nifedipine  (B).  In  addition,  the  stereospecific 
action  of  DHP  enantiomers  on  authentic  calcium  channels  by  the  agonist  and 
antagonist  effects  of  (-)BavK  8644  and  (T)BayK.  8644.  respectively,  is  closely 
matched  by  that  exerted  on  T4CaIVS3  [8]. 

Other  four-helix  bundle  proteins,  with  sequences  representing  presumed 
transmembrane  segments  that  are  not  predicted  to  line  an  aqueous  pore,  do 


OPEN 
15  pS 
CLOSED 


■I 


200  ms 


Fig.  I.  Single  channel  currents  from  lipid  bilayer  containing  T4M28.  Currents  recorded  at  100  mV 
in  symmetric  0.5  M  Nad.  Panel  B  recorded  after  addition  of  10  p M  QX-222.  See  [7], 


At 

PIP  VMWP  '  jl  niPp  IP 


330 


De  novo  design 


A 


500  ms 


Fig.  2.  Single  channel  currents  front  lipid  bilaver  containing  TjCall'SJ  in  symmetric  SO  mM  BaCF. 
Currents  recorded  at  100  mV  before  (A)  and  after  (B)  addition  of  200  nM  nifedipine.  See  [8], 

not  form  discrete  conductance  events  in  lipid  bilayers  [7,8],  thus  illustrating 
the  sequence  specificity  of  the  design. 

The  designed  pore-forming  proteins  contain  a  functional  ion-conducting  pore 
with  transitions  between  the  closed  and  open  states  in  the  millisecond  time  range, 
an  ion  selectivity  filter,  channel  blocker  binding  sites,  and  stereospecific  drug 
binding  sites.  Accordingly,  functional  elements  of  the  pore-forming  structure 
of  authentic  channel  proteins  [1]  are  contained  within  the  bundles  of  a-helices 
with  specific  amino  acid  sequence,  demonstrating  that  the  design  mimics  the 
key  features  of  the  inner  bundle  that  forms  the  pore  of  voltage-gated  and  ligand¬ 
gated  channel  proteins. 
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Introduction 

Designed  protein  structures  can  be  conveniently  assembled  using  a  template 
approach.  Polypeptides  that  can  form  secondary  structures  (such  as  o-helix) 
are  tethered  to  rigid  organic  or  inorganic  molecules.  The  peptide  segments  are 
thus  forced  to  interact  with  each  other  in  a  controlled  way  to  form  a  well  defined 
tertiary  structure.  Several  functional  proteins,  built  using  this  approach,  include 
a-helix  bundle  proteins  with  hydroxylase,  peptidase  and  ion  transport  activities 

[1-3]. 

We  have  recently  synthesized  [4]  a  three  a-helix-bundle  protein  using  a 
tris(bipyridine)  complex  as  a  template  as  shown  in  Fig.  1.  A  dramatic  increase 
(35%  to  85%)  in  a-helicity  of  the  bipyridine-modified  peptide  was  observed  upon 
addition  of  Fe2+.  We  describe  herein  tne  structural  characterization  of  the  three- 
helix  bundle  protein  and  its  mutants. 

Results  and  Discussion 


The  bipvridine-modified  peptide  (pepv).  synthesized  according  to  [4]  trimerizes 


Fig.  I.  Protein  synthesis  by  metal  assisted  self-association  of  oligopeptides. 


332 


De  novo  design 


F*/Ptpy 

Fig.  2.  L'V/Vis  titration  of  pepy  with  FeS04  in  250  mM  acetate.  pH  4.8. 

in  the  presence  of  Fe2+  to  form  a  tris  bipyridine  metal  center  and  a  three-helix 
bundle.  The  UV/Vis  titration  of  pepy  by  Fe2+  ion  (Fig.  2),  clearly  indicates 
that  the  stoichiometry  of  binding  is  3  pepy :  1  Fe2+. 

Amphiphilic  peptides  are  known  to  self-associate  to  form  oligomeric  aggregates. 
The  bipyridine  moiety  facilitates  a  controlled  self-association  of  the  amphiphilic 
peptide  in  favor  of  forming  a  three-helix  bundle  conformation.  CD  spectra  of 
the  synthetic  three-helix  bundle  protein  showed  that  its  metal  center  becomes 
chiral  in  the  folded  structure.  The  tris-bipyridine  metal  center  can  assume  either 
a  A  or  A  configuration.  By  comparison  with  the  CD  spectra  of  optically  active 
[Fe(bipy)i]2+  complexes,  the  A  configuration  is  preferred  at  the  metal  center 
of  the  synthetic  protein.  The  a-helices  are  restricted  to  a  right-handed  twist 
and  are  predicted  to  have  a  left-handed  supercoiling  interaction  [5],  which  might 
stabilize  the  A  isomer. 

A  mutant  protein  (hisy)  was  prepared  using  the  similar  techniques  and 
characterized  by  FABMS  and  NMR.  Table  1  summarizes  ion  spray  MS  analysis 
of  Fen(pepy)i  and  Fen(hisy)3.  The  multiply  charged  parent  ions  were  observed 


Table  1  Ion  spray  mass  spectrometric  analysis  of  Fe(pepy)}  and  Fe(hisy)}  (observed  values 
in  parentheses) 


Compound 

m/z 

+  1 

+  2 

+  3 

+  4 

pepy 

Fe(pepv) 

Fe(pepy); 

Fe(pepy), 

1980(1981) 
2036  (2035) 
[40161 
[5996] 

1018  (1018) 

2008  (2008) 

[29981 

1339(1339) 

1999  (2000) 

1499(1500) 

hisy 

Fe(hisy) 

Fe(hisy); 

Fe(hisy), 

2046  (2047) 
[2102] 

[4148] 

[6194] 

1051  (1051) 

2074 (2074) 

[3097] 

1383  (1383) 

2065  (2065) 

1548  (1548) 
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as  well  as  their  fragments  for  both  synthetic  proteins,  confirming  the  formation 
of  the  same  Fe(bipy)3  metal  center  in  both  proteins, 

A  three-helix  bundle  motif  (three-stranded  coiled  coil)  has  been  found  in  various 
native  proteins  including  hemagglutinin  of  influenza  virus,  fibrinogen,  macro¬ 
phage  scavenger  receptor,  the  tail  fiber  proteins  of  phages  T3  and  T7.  We  have 
synthesized  small  model  proteins  for  the  three-helix  bundle  motif  using  a  template 
approach.  A  redox  active  center  is  being  engineered  into  Fell(hisy)3. 
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Introduction 

In  a  previous  report  we  described  the  design  and  synthesis  of  ‘Chymoheli- 
zyme-l'  (CHZ-l),  a  73-residue  peptide  having  catalytic  activity  resembling  that 
of  chymotrypsin  (ChTr)  [1].  Briefly,  the  molecule  was  designed  using  SYBYL 
molecular  modeling  software.  The  X-ray  structure  of  chymotrypsin  was  loaded 
into  the  computer.  The  active  site  Ser,  His  and  Asp  residues  were  retained, 
and  the  rest  of  the  protein  was  discarded.  A  bundle  of  four  amphipathic  a- 
helical  peptides  was  designed  to  hold  these  residues  in  the  proper  3-D  space 
and  to  provide  a  binding  pocket  for  acetyltyrosine  ethyl  ester  (ATEE),  a  classical 
ChTr  substrate.  Each  of  the  catalytic  triad  residues  was  located  at  the  amino 
end  of  a  different  peptide  chain;  the  fourth  chain  provided  backbone  =NH 
groups  for  the  ‘oxyanion  hole’  to  bind  the  tetrahedral  intermediate  during 
hydrolysis  of  the  substrate.  Side  chains  of  Orn  and  Lys  residues  were  used  for 
covalent  linkage  of  the  carboxyl  ends  of  the  four  chains.  Helix  formation  was 
promoted  by  use  of  recently  deduced  principles  [2];  all  N-termini  were  acetvlated, 
the  single  C-terminus  was  an  amide,  and  helix-forming  residues  were  used.  Salt 
bridges  from  side  chains  of  Glu  and  Lys  residues  were  used  between  turns  of 
helices  and  between  chains  to  give  additional  helix  stability.  ‘Leucine  zippers’ 

[3]  were  used  in  the  C-terminal  part  of  the  hydrophobic  core,  while  small 
hydrophobic  residues  near  the  N-terminus  provided  the  hydrophobic  pocket  for 
the  substrate  aromatic  ring.  Repeated  cycles  of  structure  modification  and  energy 
minimization  using  the  Tripos  force  fields  eventually  indicated  a  stable  structure 
with  the  desired  properties. 

Results  and  Discussion 

The  entire  CHZ-l  structure  was  assembled  stepwise  on  Orn(Fmoc)-MBHA 
polystyrene.  Benzyl-related  groups  provided  stable  side-chain  protection,  while 
Boc,  Fmoc  and  Npvs  provided  temporary  protection.  Chaotropic  salt  procedures 

[4]  assured  effective  couplings.  Following  HF  cleavage  and  purification,  the 
product  showed  about  75%  helix  in  water  and  95%  helix  in  95%  EtOH  by 
CD.  Ellipticity  at  222  nm  was  only  very  slightly  decreased  in  5  M  NaCl  or 
1  M  NaC104.  Unfolding  in  Gu-HCl  showed  a  midpoint  at  2.8  M  and  was  complete 
only  at  8  M,  indicating  remarkable  stability.  Great  stability  was  also  indicated 
by  retention  of  60%  of  the  helicity  (as  indicated  by  8222)  at  80°C  in  H:0  or 
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5  M  NaCl.  Helicity  showed  the  same  temperature  profile  at  pH  1.1.  In  3  M 
Gu-HCl,  temperature  did  not  affect  helicity  in  the  range  10-80°C. 

In  analytical  ultracentrifugation,  sedimentation  velocity  runs  at  60000  rpm 
showed  a  single  boundary  with  accumulation  of  aggregates  at  the  bottom  of 
the  cell.  Gel  chromatography  and  gel  electrophoresis  had  indicated  significant 
dimerization  and  some  higher  oligomerization.  Equilibrium  ultracentrifugation 
also  indicated  aggregation,  showing  a  molecular  weight  of  9170  (theoretical) 
at  the  upper  edge  of  the  peak,  and  23  100  at  the  bottom  edge.  We  have  now 
found  that  this  troublesome  oligomerization  is  caused  by  acetic  acid,  and  can 
be  eliminated  by  strict  exclusion  of  HO  Ac  and  TFA  from  all  extraction  and 
purification  procedures.  Acetic  acid  has  previously  been  shown  to  cause  dime¬ 
rization  of  certain  proteins. 

The  remarkable  conformational  stability  of  CHZ-1  shown  by  these  studies 
is  probably  due  to  a  combination  of  hydrophobic,  hydrogen  bonding,  and  ionic 
forces.  Ionic  and  hydrogen  bonds  of  the  helix  backbone  and  charged  side  chains 
on  the  exterior  of  the  molecule  should  provide  a  major  part  of  the  stability 
at  low  temperature  and  in  low  salt  concentrations,  while  interactions  of  side 
chains  of  the  hydrophobic  amino  acids  in  the  core  of  CHZ-1  should  provide 
stability  of  the  helical  structure  in  high  salt  concentrations  and  at  high  tem¬ 
peratures. 

Acknowledgements 

Supported  by  the  Office  of  Naval  Research  and  the  Army  Research  Office. 
We  thank  R.  Coombs  for  CD  measurements  and  R.  Binard  for  amino  acid 
analyses. 

References 


1.  Hahn.  K.W..  Klis,  W.A.  and  Stewart,  J.M..  Science.  248(1990)  1544. 

2.  Fairman,  R..  Shoemaker,  K.R.,  York,  E.J.,  Stewart.  J.M.  and  Baldwin,  R.L..  Proteins.  5(1989)  1. 

3.  Landschutz.  W.H.,  Johnson.  P.F.  and  Mcknight,  S.L..  Science,  240(1988)  1759. 

4.  Klis.  W.A.  and  Stewart.  J.M..  In  Epton,  R.  (Ed.)  Solid  Phase  Synthesis,  SPCC  (UK)  Ltd.. 
Birmingham.  1990.  pp.  1-9. 


336 


The  design  of  peptide  secondary  structure: 
An  application  to  thioredoxin 


Martin  J.  Di  Grandi*'*,  Stephen  R.  Wilson3  and  Abraham  Spectorb 

'‘Department  of  Chemistry,  New  York  University.  New  York.  NY  10003.  U.S.A. 
h  Department  of  Ophthalmology.  College  of  Physicians  and  Surgeons.  Columbia  University. 

New  York.  NY  10032.  U.S.A. 


Introduction 

In  an  effort  to  reduce  the  structural  complexity  of  native  proteins  and 
polypeptides,  current  research  has  focused  on  the  development  of  conforma- 
tionally  restricted  molecules.  Based  on  computer  modeling,  chemists  have  replaced 
much  of  the  native  sequence  of  biologically  active  polypeptides  with  relatively 
simple  molecules  that  reduce  the  available  conformational  space.  In  principle, 
this  should  produce  a  ‘hybrid’  molecule  with  a  conformation  that  closely  resembles 
the  required  three-dimensional  structure,  the  choice  of  these  replacement  mol¬ 
ecules  is  not  always  obvious. 


Results  and  Discussion 

A  program  written  in  these  labs,  entitled  DESIGN,  was  devised  to  remove 
some  the  subjectivity  and  serendipity  of  this  process  and  to  take  advantage  of 
the  exact  three-dimensional  structure  of  a  low  energy  conformation  contained 
within  a  molecule’s  crystal  structure  [1],  This  paper  will  briefly  describe  the 
use  of  this  program  in  the  design  of  a  mimetic  for  thioredoxin,  a  polypeptide 
with  some  potential  as  an  anticataract  agent  [2,3]. 

We  started  with  a  Macro-Model  representation  of  the  crystal  structure  of 
this  enzyme,  the  coordinates  of  which  were  kindly  provided  by  Dr.  Arne 
Holmgren.  Ideally,  a  polypeptide  could  be  divided  into  a  ‘functional  domain', 
that  part  of  the  enzyme  responsible  for  its  activity,  and  a  ‘structural  domain', 
that  part  of  the  polypeptide  responsible  for  holding  the  functional  domain  in 
its  active  conformation.  This  classification  is  somewhat  ambiguous  in  the  case 
of  thioredoxin  because,  although  the  active  site  has  been  defined  as  a  four  residue 
reverse  turn  located  on  the  surface  of  the  enzyme,  the  exact  source  of  the  powerful 
reducing  capabilities  of  this  enzyme  is  not  known.  Based  on  the  limited  available 
information  and  some  hypotheses,  we  constructed  a  list  of  twenty  possible  target 
peptides  varying  in  length  from  12  to  19  residues. 

Within  MacroModel,  each  peptide  was  converted  to  its  N-acetyl,  N'-methvl- 


•Current  address:  Medicinal  Chemistry  II,  Hoffmann-La  Roche  Inc..  Nutlev.  NJ  071 10-1 199.  U.S.A. 
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HjN-Phe-Trp-Ala-Glu-Trp-Cys-Gly-Pro-Cys-Lys-Met-lle-Ala-Pro-lle-OH 
3 

Phe-Trp-Ala-Glu-Trp-Cys-Gly-Pro-Cys-Lys-Met-lle-Ala-Pro-lle 
I - SM - 1 

1:  Note  SM  ■  scatlolding  molecule  2 

molecule  (2).  peptide  3.  and  tar  pet  molecule  (I). 

amide  and  four  interatomic  distances  between  the  two  termini  were  measured 
(i.e..  -CONHCH,  to  N-COCH,,  -CONHCH,to  N-COCH,,  -COAHCH,  to  N- 
COCH,,  and  -COAT1CH,  to  N-COCH,).  These  distances  were  entered  into  the 
program  and  DESIGN  searened  its  database  for  a  molecule  with  these  dimensions 
within  a  default  tolerance  of  0.4  A.  It  is  important  to  realize  that  this  program 
actually  suggests  target  molecules  and  further,  is  designed  to  offer  structural 
mimics  so  that  the  functional  domain  remains  essentially  intact. 

Of  the  17  possible  scaffolding  molecule  targets  found  by  DESIGN  to  serve 
as  tether  for  nine  peptide  fragments,  we  chose  mimetic  1  as  our  initial  target 
molecule.  Scaffolding  molecule  2  with  the  necessary  amino  acids  attached  and 
part  of  peptide  3  have  been  synthesized,  and  we  are  currently  developing 
approaches  to  the  final  target  molecule.  Figure  2.  which  shows  the  overlap  between 
the  crystal  structure  of  peptide  3  and  the  minimized  (MM2)  structure  of  hybrid 
molecule  1,  demonstrates  the  effectiveness  of  this  program. 


Ftp.  I.  Structures  of  scaffolding 


Ftp.  2.  The  overlap  between  the  crystal  structure  of  residues  27-41  of  thioredoxin  and  the  new  hybrid 
structure  I.  Please  note  that  the  atom  labels  have  been  removed  for  clarity. 
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Introduction 

With  improvements  in  our  understanding  of  the  factors  controlling  secondary 
structure  in  peptides  and  those  contributing  to  the  assembly  of  protein  tertiary 
structures,  it  is  possible  to  rationally  design  peptides  that  will  associate  to  adopt 
desired  structures.  The  4-helix  bundle  is  a  natural  structural  motif  that  can  form 
a  convenient  scaffold  to  be  used  as  a  foundation  in  protein  engineering.  It  has 
been  used  as  a  target  for  the  minimalist  approach  to  protein  design  [1],  and 
can  be  designed  to  offer  the  simplicity  of  requiring  the  preparation  of  only 
one  peptide  that  can  self-assemble  into  a  tetramer.  In  order  to  evaluate  in  detail 
the  design  of  such  systems,  it  is  necessary  to  have  structural  and  conformational 
information  at  atomic  resolution.  Solution  state  studies  are  clearly  important, 
and  the  NMR  is  best  suited  to  meet  these  requirements  in  NMR  spectroscopy. 
The  peptide  studied  here,  «|B,  was  one  of  a  series  prepared  in  the  course  of 
iterative  design  efforts  and  showed  the  most  favorable  free  energy  of  association 
(-22  kcal/mol  for  the  formation  of  a  tetramer  at  pH  5  as  determined  from 
the  concentration  dependence  of  the  CD  spectrum)[2].  The  sequence  is  Ac- 
GELEELLKKLKELLKG-NH2,  and  was  predicted  to  form  a  tetramer  of  anti¬ 
parallel  and  symmetric  helices  with  the  leucine  side  chains  in  the  hydrophobic 
core,  while  the  glutamic  and  lysine  residues  form  the  solvent  exposed  face. 

Results  and  Discussion 

The  proton  NMR  spectrum  of  the  peptide  was  examined  (at  pH  3  and  5 
under  conditions  where  essentially  all  of  the  peptide  was  associated  in  tetramers) 
and  assigned  using  standard  2D  COSY,  TOCSY,  and  NOESY  experiments  [3]. 
In  addition,  the  NOESY  experiments  provided  conformational  information  with 
a  complete  set  of  cross  peaks  between  amide  protons  on  adjacent  residues  (Fig. 
1),  diagnostic  of  helical  structure,  and  cross  peaks  from  the  amide  proton  of 
one  residue  to  the  a  proton  of  the  residue  three  units  further  along  the  chain, 
another  indicator  of  helical  conformation  [3].  Further  support  for  this  secondary 
structure  was  the  small  3J„N  couplings  which  were  consistently  less  than  6  Hz 
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8.6  8.2  7.8 


ppm 

Fig.  I.  \  H  region  of  a  NOESY  spectrum  at  600  MHz  with  a  mixing  time  of  200  ms  for  a  10  mM 
solution  of  a,B  in  95'T  H D:0  at  pH  3.  The  line  connec  ts  the  sequential  cross  peaks  which 
are  designated  hv  the  numbers  next  to  them. 

throughout  [3].  The  appearance  of  only  16  amide  resonances  from  the  tetramer 
strongly  suggests  that  the  individual  peptide  units  are  symmetric.  Reduced  rate 
of  exchange  of  the  amide  protons  showed  substantial  conformational  stability 
of  the  tetramer.  The  symmetry  of  the  tetramer  and  the  redundancy  in  the  residues 
making  up  the  core  of  the  complex  made  it  difficult  to  establish  the  identity 
of  interchain  NOEs;  however,  through  the  use  of  isotopic  labeling  and  amino 
acid  substitution,  cross  peaks  have  been  observed  that  are  consistent  with  the 
antiparallel  arrangement  of  neighboring  helicies. 
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Introduction 

It  has  previously  been  shown  that,  in  the  presence  of  Ca2+,  a  synthetic  34- 
residue  peptide  which  encompasses  site  III  of  chicken  skeletal  troponin  C  (TnC) 
formed  a  dimer  in  a  head-to-tail  arrangement  [1].  This  dimerization  results  from 
intermolecular  hydrophobic  interactions  between  the  a-helices  of  the  two  mon¬ 
omers.  Only  one  molecule  of  Ca2+  is  necessary  for  complete  a-helix  induction 
and  dimerization  [2]. 

The  objective  of  this  study  was  to  investigate  the  effect  of  the  hydrophobic 
residues  on  a-helix  induction,  dimerization,  Ca2+  affinity  and  stability  of  four 
peptide  analogs  from  site  III  of  chicken  skeletal  TnC  (Fig.  1).  The  substituted 
hydrophobes  L98,  F102, 1121  and  L122  in  the  native  sequence  (LFIL)  were  previously 
shown  to  be  involved  in  inter-  and  intramolecular  hydrophobic  interactions 
between  the  a-helices  of  the  dimer  interface  [1]. 

Circular  dichroism  was  used  to  monitor  Ca2+-induced  and  trifluoroethanol- 
induced  a-helical  structure  and  to  determine  the  Ca2+  affinity  of  each  peptide. 
The  peptides  were  subjected  to  guanidine  hydrochloride  denaturation  in  the 
presence  of  excess  Ca2+  to  compare  their  conformational  stabilities. 


N  -Terminal  C  -Terminal 

Helix  Helix 


Ac-C-K-S-E-E- 

92 


E  -  L  -  A  -  N  -  A  {FI  R  - 1  -  F 


L  -  G  -  E  fRT}  R  -  A  -  C  -  amide 


Fig.  /  Amino  acid  sequence  of  the  calcium  binding  site  III  of  chicken  skeletal  troponin  C.  The  circles 
denote  the  ligands  involved  in  coordinating  the  Ca:*  ion.  The  boxes  denote  the  hydrophobic  residues 
in  the  native  sequence  (denoted  LFIL)  that  were  substituted  with  Ala  to  prepare  3  analogs  denoted 
AAIL  (N-terminal  hydrophobes  L9S  and  F'02  were  replaced  with  Ala).  LFAA  ( C-terminal  hydrophobes 
I121  and  Ll::  were  replaced  with  Ala)  and  A  AAA.  where  all  4  hydrophobes  were  replaced. 
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Table  1  Changes  in  molar  ellipticities  ( A/0  f:z)  and  Cu:'  affinities  of  different  TnC  peptide 
analogs.  A  Ca2+  is  the  difference  in  [ 6 ]2^  in  the  absence  and  presence  of  Ca2+  as  measured 
from  a  300  pM  peptide  solution  in  50  mM  MOPS,  pH  7.0,  containing  WO  mM  KCl  and 
20  mM  DTT  at  25° C.  Similarly,  \TFE  is  the  difference  in  [ 6 ]:::  in  the  absence  and  presence 
of  50%  trifluoroethanol  in  the  same  buffer.  KCa  is  the  apparent  binding  constant  for  calcium 


Peptide 

ACa:' 

ATFE 

Ko(M') 

LFIL 

6400 

10  700 

3.3  •  10s 

AAIL 

S  700 

1 3  900 

2.7  ■  10' 

LFAA 

6000 

10  700 

1.0  .0' 

AAAA 

1400 

10000 

3.1  ■  10- 

Results  and  Discussion 

The  changes  in  molar  ellipticities  at  222  nm  (A[0]2;n)  of  the  four  analogs 
on  addition  of  Ca2+  and  TFE  are  shown  in  Table  1.  Previous  observations  have 
shown  that  the  major  Ca2+-induced  a-hehca!  structure  is  in  the  N-terminal  region 
of  the  peptide  [3,4].  Substitution  of  either  the  N-terminal  or  C-terminal  hy¬ 
drophobes  by  Ala  had  no  deleterious  effect  on  the  Ca2+-induced  or  TFE-induced 
structure.  This  is  in  agreement  with  the  fact  that  Ala  i«  a  good  o-helix  former 
and  suggests  that  the  hydrophobic  side  chains  of  Leu,  Fe  and  Phe  are  not  essential 
to  the  formation  of  the  a-helix.  These  substitutions,  however,  resulted  in  a 
reduction  of  Ca-^-binding  affinity  by  100-{AA1L)  and  300-fold  (LFAA).  respec¬ 
tively,  compared  to  the  native  (LFIL)  sequence.  Simultaneous  substiti  tion  of 
these  hydrophobes  in  both  the  N-  and  C-terminal  a-helical  regions  drastically 
decreased  the  formation  of  Ca:+-induced  structure  and  decreased  Ca2^-binding 
affinity  by  1000-fold  (AAAA).  The  denaturation  curves  of  LFIL  and  AAIL 
(Fig.  2)  both  showed  concentration  dependence,  consistent  with  dimer  formation 
[1.2 1,  and  that  AAIL  has  significantly  less  overall  conformational  stability.  This 
difference  in  conformational  stability  between  AAIL  and  LFIL  can  be  attributed 
to  the  loss  of  hydrophobic  interactions  in  the  hydrophobic  core  between  the 


Fig.  2.  Concentration  dependence  of  the  denaturation  of  TnC  analogs  in  guanidine  hydrochloride. 
■  LFIL  i  t.35  mg/ml).  □  LFIL  ( 0  08  mg/ml).  •  AAIL  (1.92  mg/ml)  and  O  AAIL  (0.16  mg/ml). 
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N-  and  C-terminal  a-helices  of  the  AAIL  dimer  which,  in  turn,  results  in  a 
100-fold  reduction  in  Ca2+  affinity. 

These  results  suggest  that  the  hydrophobic  residues  involved  in  interhelical 
interactions  are  not  affecting  the  conformation  of  the  a-helices  but  are  of  critical 
importance  to  the  stability,  Ca2+  affinity  and  cooperativity  of  the  two  Ca2+- 
binding  sites  in  the  C  terminal  domain  of  TnC. 
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Introduction 

The  design  of  peptides  exhibiting  well-defined  structural  and  conformational 
features  has  attracted  considerable  attention,  mainly  as  models  for  studying  SAR 
[1,2].  More  recently,  amphiphilic  peptides  adopting  a-helical  or  /3-sheet  con¬ 
formation  are  used  as  building  blocks  for  the  construction  of  novel  proteins 
(de  novo  design)  [3-5]  owing  to  their  tendency  to  self-associate  in  aqueous  solution 
[6,7],  Herein,  we  investigate  the  conformational  properties  and  membrane  activity 
of  bis-amphiphilic  oligopeptides  (‘switch-peptides’)  which  are  designed  to  show 
a  high  propensity  for  conformational  transitions  of  the  type  a-helix  ^/3-sheet. 

Results  and  Discussion 

As  a  particular  structural  feature,  switch-peptides  exhibit  amphiphilic  character 
when  adopting  both  a-helical  as  well  as  /3-sheet  conformation  (Fig.  1)  e.g.,  the 
general  sequence  being  PNNHPNNHPHNNPHNN,  where  P.  H  and  N  denoting 
hydrophilic  (polar),  hydrophobic  and  indifferent  (neutral)  amino  acid  residues, 
respectively  [8].  Due  to  the  tendency  to  self-associate  in  both  helical  and  /3- 
sheet  conformation  the  switch  peptides  I— IV: 


Y (m 


IV 


Fig.  I.  Left:  Helical  wheel  and  (3-sheet  representation  of  switch  peptides:  hydrophobic  (W)  and  hydrophilic 
( O )  residues  are  arranged  to  result  in  an  amphiphilic  helix  (left)  or  (3-sheet  (right).  Right:  Schematic 
representation  of  the  conformational  transition  a  **(3  induced  by  changes  (&)  of  the  experimental 
conditions  such  as  concentration,  temperature,  pH  or  solvent. 


344 


De  novo  design 


Fig.  2.  CD-spectra  of  (a)  peptide  I.  c  —  0.5  mg/ ml  and  (b)  peptide  III.  c  =  0.5  mg/ ml  in  aqueous 
solution  at  different  pH  values. 


I  Ac-EAALEAALELAAELAA-NH2 

II  Ac-KAALKAALKLAAKLAA-NHi 

III  Ac-KAALEAALKLAAELAA-NFF 

IV  Ac-EAALKAALELAAKLAA-NH2 

investigated  here,  undergo  pH-induced  reversible  transitions  (Fig.  2).  Peptide 
I  and  II  show  one  a^/3  transition  (Fig.  2a),  whereas  peptide  III  and  IV  exhibit 
three  distinct  conformational  transitions  (Fig.  2b).  The  pronounced  tendency 
of  peptides  I-IV  to  switch  between  a-helical  and  /3-sheet  conformation  is  also 
documented  by  the  sensitivity  of  the  specific  conformation  to  minor  changes 
in  the  experimental  conditions  (Fig.  1).  A  close  relationship  between  preferred 
conformation  and  membrane  activity  is  observed. 
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Introduction 

The  leucine  zipper  class  of  proteins  bind  DNA  through  a  bipartite  motif 
consisting  of  a  basic,  DNA-binding  region  and  a  2-stranded  a-helical  coiled- 
coil  which  serves  as  a  protein  dimerization  domain.  The  coiled-coils  of  these 
proteins  almost  invariably  contain  Leu  at  every  seventh  residue  in  their  sequences 
(position  d  in  the  nomenclature  of  coiled  coils).  Residues  at  positions  a  and 
d  lie  at  the  helix-helix  boundary  and  stabilize  the  structure  through  hydrophobic 
interactions.  In  contrast  to  the  strict  conservation  of  Leu  at  the  d  position, 
the  a  position  is  far  more  variable  in  leucine  zipper  proteins,  and  its  contribution 
to  the  stability  of  homo-  and  heterodimers  is  currently  unknown.  To  address 
this  issue,  we  have  made  systematic  substitutions  at  a  single  a  position  of  a 
model  coiled-coil  peptide.  Ac-ECEALEKKLAALEYKXQALEKKLEALEHG- 
NH:  [1,2].  In  this  peptide,  a  Cvs  residue  at  the  second  position  allowed  the 
formation  of  covalent  homo-  or  heterodimers.  The  amino  acids.  Ala.  Asn.  Thr. 
Val,  Lys,  and  lie  were  substituted  into  the  model  peptide  at  the  position  denoted 
by  X.  These  residues  are  known  to  occur  at  a  positions  in  the  coiled-coils  of 
the  transcriptional  activators  fos  and  jun. 

Results  and  Discussion 

The  peptides  were  synthesized  by  SPPS  using  Boc  chemistry,  purified  by 
RPHPLC.  and  converted  to  homodimers  (the  results  with  heterodimers  will  be 
reported  elsewhere)  by  air  oxidation.  In  aqueous  solution,  the  resulting  peptides 
were  all  predominantly  helical  as  assessed  by  CD  spectroscopy.  Addition  of 
increasing  concentrations  of  guanidine  hydrochloride  caused  a  cooperative 
decrease  in  the  helical  content.  The  curves  were  evaluated  by  the  two-state  model 
typically  applied  to  globular  proteins  [3],  providing  estimates  of  the  thermo¬ 
dynamic  stabilities  of  the  dimers  (Table  1).  The  most  stable  dimers  have  the 
hydrophobic,  /3-branched  amino  acids,  lie  and  Val,  at  the  a  position.  The  peptide 
containing  the  /3-hydroxylated  amino  acid,  Thr,  is  somewhat  less  stable  than 
those  containing  He  and  Val.  The  least  stable  dimers  contained  either  the  charged 
residue  Lys  at  the  a  position,  or  Ala  (which  by  its  small  size  might  disrupt 
the  orderly  hydrophobic  packing).  Somewhat  surprisingly,  the  dimers  containing 
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Fig.  1.  Axial  helical  projection  nr  the  model  coiled  coil,  in  the  region  where  the  substitutions  to  the 
'a'  position  have  been  made. 

Asn  were  of  intermediate  stabilities.  Evidently  the  Asn  side  chains  might  El- 
bond  across  the  helix-helix  interface  serving  to  offset  the  destabilizing  effect 
of  burying  a  hydrophilic  amino  acid. 


Table  1  Stabilities  of  various  peptides 


Amino  acid 
substituted 

AG° 

(kcal/mol) 

AAG° 

( kcal/mol  )a 

Lvs 

-  2.3 

4.8 

Ala 

-  4.6 

3.7 

Asn 

-  5.4 

3.3 

Thr 

-  6.0 

3.0 

Val 

-10.6 

0.7 

He 

-11.9 

0.0 

•*  AAG3  values  are  relative  to  the  lie  peptide,  divided  by  2  to  correct  for  there  being  two  molecules 
per  dimer. 


References 


1.  O’Neil,  K.T.  and  DeGrado,  W.F..  Science,  250(1990)646. 

2.  Hodges,  R.S.,  Zhou,  N.E.,  Kay,  C.M.  and  Semchuk,  P.D.,  Peptide  Research.  3(1990)123. 

3.  Pace,  C.N.,  Trends  Biotechnol.,  8(1990)93. 


347 


Apolipoprotein  class  of  the  amphipathic  helix: 
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Introduction 

The  amphipathic  helix  (AH)  is  a  commonly  occurring  secondary  structural/ 
functional  motif  in  many  biologically  active  peptides  and  proteins.  Based  on 
the  distribution  of  charged  residues  on  the  polar  face  of  the  AH,  we  have  classified 
AH  into  seven  distinct  classes  [1],  The  AH  domains  of  apolipoproteins  (class 
A)  are  unique  in  that  they  possess  positively  charged  residues  at  the  polar-nonpolar 
interface  and  negatively  charged  residues  at  the  center  of  the  polar  face.  In 
our  previous  studies,  from  the  results  of  synthetic  peptide  analogs  of  this  class, 
we  concluded  that  such  a  charge  distribution  is  important  for  the  lipid  affinity. 
We  suggested  that  the  positively  charged  amino  acid  residues,  because  of  their 
amphipathic  nature,  can  increase  the  lipid  affinity  of  the  AH  [2],  The  present 
investigations  are  aimed  at  examining  the  effect  on  a)  variation  in  the  interfacial 
alkyl  chain  length  of  basic  residues  on  lipid  affinity  and  b)  difference  between 
interfacial  Lys  and  Arg,  on  the  lipid-affinity  and  lecithin:cholesterol  acyl 
transferase  (LCAT)  activities  on  a  model  class  A  amphipathic  peptide.  To 
accomplish  this,  three  peptides  were  synthesized  using  the  solid  phase  method 
of  peptide  synthesis  with  the  sequence:  Ac-DWLXAFYDXVAEXLXEAF-NH:, 
where  X  =  Lys,  homoaminoalanine  (Haa,  Lys  with  shorter  alkyl  chain  length), 
and  Arg,  respectively,  to  obtain  Ac-18A-NH:  a  baseline  peptide.  Ac-18A- 
[Lys  —  Haa]-NH;  and  Ac-18A[Lvs  —  Argj-NH:. 

Results  and  Discussion 

Table  1  is  a  summary  of  the  properties  of  the  three  peptide  analogs.  All  the 
three  peptides  interact  with  the  lipid,  but  the  extent  of  interaction  of  Ac-18A- 
NH;  analog  is  greater  than  that  of  the  Ac-18A[Lvs  —  Haa]-NH2.  This  is  reflected 
in  a  larger  increase  in  the  a-helicitv  and  blue  shift  in  presence  of  lipid  for  Ac- 
18A-NH;  compared  to  the  latter,  thus  supporting  the  idea  that  the  increased 
interfacial  alkyl  chain  length  in  the  Lys  analog  is  responsible  for  the  increased 
lipid  affinity  (snorkel  hypothesis).  The  Arg  analog  is  at  least  as  effective  as 
the  Lys  analog  in  its  lipid  interaction.  When  Lys  and  Arg  analogs  were  incubated 
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Table  1  Summary  of  the  properties  of  model  class  A  amphipathic  peptide  analogs 


Peptide 

%  helicity 

buffer* 

(DMPC)' 

Fluorescence 
max(nm)b 
buffer  (DMPC) 

Stokes 

diameter  (A)c 

%LCAT 

activity11 

Ac-18A-NH2 

33(65) 

362.5(337.5) 

79  ±20 

135 

Ac-18A-(Lys  —  Haal-NHi 

17(32) 

360.0(350.0) 

115  ±35 

20 

Ac-18A-[Lvs  —  ArgJ-NEL 

41(74) 

362.5(337.5) 

82  ±20 

69 

*  Determined  by  circular  dichroism. 
h  Excitation  at  287  nm. 

'  By  electron  microscopy  of  DMPC/peptide  complexes. 
d  Values  are  expressed  relative  to  A-I. 

'  Abbreviation:  DMPC,  dimyristoylphosphatidylcholine. 

with  plasma,  both  the  analogs  associated  with  HDL  to  displace  apo  A-I  from 
HDL.  In  the  activation  of  the  plasma  enzyme  LCAT  the  Lys  analog  surpassed 
the  ability  of  A-I  (Table  1).  The  possible  reason  for  this  has  been  described 
earlier  [3].  The  possible  explanations  for  the  decreased  LCAT  activity  of  the 
other  two  analogs  are  as  follows:  a)  The  difference  between  Lys  and  Haa  analogs 
could  be  due  to  the  increased  lipid  association  of  Ac-18A-NH2  compared  to 
the  Haa  analog,  b)  The  difference  between  Lys  and  Arg  analogs  may  be  due 
to  difference  in  LCAT:amphipathic  helix  interactions  or  difference  in  the 
interactions  of  the  LCAT  with  peptide  bound  PCxholesterol  vesicular  substrate. 
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Introduction 


A  cyclic  triproline  helix  nucleating  template  has  been  synthesized  in  1 1  steps 
from  hydroxvproline  and  proline.  This  template  type  contains  four  internal 
hydrogen  bonding  sites.  Previous  work  from  this  laboratory  has  reported 
preparation  and  study  of  helix  nucleation  in  peptides  linked  to  a  conformationally 
restricted  template  with  three  internal  hydrogen  bonding  sites  that  is  structurally 
related  to  acetyl  prolyl  proline  [  1 ,2]. 

Results  and  Discussion 


With  respect  to  the  template  conformation,  the  three  lowest  energy  isomers 
found  by  molecular  mechanics  are  shown  in  Fig.  1.  Unambiguous  chemical  shift 
assignments  for  >H  NMR  spectra  of  the  template  were  made  with  the  help  of 
Pro-di  derivatives.  'H  NMR  spectra  of  the  template  Me-ester  in  CDC1,,  CDiCN. 
and  D20  are  consistent  with  the  presence  of  major  and  minor  conformations 
that  equilibrate  slowly  on  the  NMR  timescale.  Chemical  shift  data.  NOE 
interactions,  and  X-ray  analysis  of  the  crystalline  template  carboxylic  acid  allow 
assignment  of  structure  la  as  the  major  conformation.  Chemical  exchange  cross 
peaks  allow  correlation  of  resonances  for  the  major  and  minor  isomers,  and 
the  latter  is  assigned  the  distorted  3|0  helix  inducing  conformation  lb  from  NOE 
cross  peaks.  The  desired  a-helix  inducing  conformation  lc  is  not  observed  in 
solution,  in  agreement  with  molecular  mechanical  calculations  which  suggest 
that  this  isomer  is  ca  4  kcal/mol  less  stable  than  la. 

A  homologous  series  of  alanine  oligomers  were  linked  to  the  template  and 
studied  in  CD,CN.  DMSO,  and  water.  Increasing  stability  of  the  helix  nucleating 
state  is  expected  with  formation  of  a  helix,  provided  that  no  length-dependent 
structure  is  initiated  in  the  nonhelical  peptide-template  conjugates.  A  modest 
length  dependent  change  in  the  conformational  ratio  is  in  fact  observed.  Thus, 


Fig.  1  Lowest  energy  isomers  of  a  cyclic  triproline  helix  nucleating  peptide. 


350 


vY  'V'Kv*  *v*  ¥„*  v  rf 


Z)e  novo  design 


Table  1  Temperature  dependence  of  various  amide  proton  resonance  chemical  shifts 


A6/AT  10-' 

Temp-Ala 

Temp-Alaj 

Temp-Alai 

Ala'-helix 

-3.0 

-0.5 

-2.5 

Ala'-coil 

-7.3 

-6.5 

-7.0 

Ala:-helix 

-6.0 

-6.0 

Ala2-coil 

-7.5 

-6.5 

Ala'-helix 

-8.0 

Ala'-coil 

-8.0 

in  CD3CN  the  ratio  of  the  nonnucleating  to  nucleating  template  conformation 
changes  from  a  ratio  of  80:20  for  the  Me-ester  to  the  ratios  33:67,  22:78, 
16:84  for  the  mono,  di,  and  tri-alanine  derivatives. 

ROESY  experiments  were  performed  on  the  peptide-template  conjugates  to 
gain  insight  into  their  conformations.  Consistent  with  a  helical  conformation, 
NN(i,i+l)  NOE  interactions  were  observed  between  peptide  NH  resonances 
for  template  in  the  nucleating  conformation,  but  not  for  the  nonnucleating 
template  conformation  [3],  Those  corresponding  to  internally  hydrogen  bonded 
NH’s  appear  upfield  of  those  associated  with  the  coil  state.  A  strong  NOE  is 
observed  between  the  helical  amide  NH  resonance  of  the  first  alanine  residue 
and  a  thiomethylene  resonance  of  the  template.  This  is  uniquely  consistent  with 
conformation  lb.  This  short  helix  is  therefore  the  310  type.  Studies  of  peptide 
conjugates  containing  more  than  three  Ala  residues  suggest  that  in  polar  solvents, 
only  relatively  modest  further  increases  in  stability  can  be  realized,  consistent 
also  with  a  3 io  structure.  These  conjugates  are  under  further  investigation. 

As  seen  in  Table  1  the  A6/AT  values  observed  for  the  upfield  and  downfield 
NH  resonances  are  strikingly  different,  consistent  with  substantial  solvent 
exposure  for  the  latter  and  shielding  for  the  former  [4,5].  This  difference  is 
observed  for  all  solvents  studied  including  the  polar,  helix  destabilizing  solvents, 
water  and  DMSO,  consistent  with  formation  of  stabilized  short  helices  associated 
with  conformation  lb. 

A  new  N-terminal  template  for  helix  nucleation  has  been  shown  by  NMR 
and  X-ray  evidence  to  exist  largely  as  the  nonhelical  conformation  la  when 
studied  alone.  Peptide  conjugates  of  this  template  largely  assume  conformation 
lb  which  permits  nucleation  of  a  3(0  helix.  Although  longer  conjugates  are  expected 
to  undergo  a  3t0-a  conversion  via  a  species  with  bifurcated  hydrogen  bonds, 
this  study  suggests  that  very  short  helices  can  be  tailored  to  assume  non-a  character 
by  proper  choice  of  nucleation  site. 
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Development  of  a  3-state  equilibrium  model  for  the  helix- 
nucleation  template  Ac-Helj-OH 
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Introduction 

The  synthesis  and  conformational  analysis  of  peptide  conjugates  of  the  helix- 
nucleating  template  1  (Fig.  1)  have  been  previously  reported  [1-3].  A  molecular 
mechanics-based  examination  of  template  1  has  identified  well-defined  energy 
minima  associated  with  the  eclipsed  (e)  and  staggered  (s)  conformations  of  the 
8,9  C-C  bond  and  with  the  cis  (c)  and  trans  (t)  orientations  of  the  acetyl  amide. 
Of  the  four  possible  state  permutations  of  template  1  (te,  ts,  cs  and  ce),  only 
the  first  three  have  been  observed  experimentally.  Initial  NMR  studies  in  CDC13 
of  poly-alanine  (n=l-6)  conjugates  of  1  have  provided  evidence  of  a  2-state 
system  in  which  conversion  of  the  template  from  the  cis/staggered  (cs)  state 
to  the  trans/eclipsed  (te)  state  occurs  in  unison  with  a  coil-helix  transition  in 
the  attached  peptide.  Recent  work  with  H20  and  H20/TFE  solutions  has  now 
led  to  the  development  of  a  3-state  model  for  template  conformational  behavior. 

Results  and  Discussion 

Examination  of  the  500  MHz  NMR  spectra  of  the  series  T-An-OtBu  (n  =  1  — 
6)  in  CDC13  reveals  a  rapid  length-dependent  transition  of  the  H9a  and  H9b 
protons  from  the  (S,J)  values  characteristic  of  a  (cs)  conformation  (5  =  2.32  ppm, 
J  =  9.8,  15.1  Hz;  6=  3.17  ppm,  J  =  5.9,  15.1  Hz)  to  those  values  consistent  with 


0 


Fig.  I.  Trans/eclipsed  conformation  of  template  1.  Ac-HelrOH. 
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Fig.  4.  TFE  concentration-dependent  series  of  Ac-Hel ,-A^-OH  in  H:Q. 


state  encompasses  the  entire  subset  of  helical  states  of  the  attached  peptide  and 
the  (cs)  state  contains  all  others  (i.e.  coil  states). 

A  similar  analysis  of  the  series  T-An-OH  (n  =  1-6)  in  H20  demonstrates  a 
gradual  and  incomplete  variation  of  the  (6,J)  values  for  H9a  and  H9b  from  (6  =  2.56 
ppm,  J  =  9.3.  15.6  Hz;  6  =  3.34  ppm,  J  =  5.9,  15.6  Hz),  characteristic  of  the  pure 
(ts)  conformation  of  T-OH,  to  (6  =  2.89  ppm,  J  =  6.8.  16.1  Hz;  6=3.06  ppm, 
J  =  3.9,  16. 1  Hz)  for  T-Ab-OH  (Fig.  3).  These  latter  values  lie  at  an  intermediate 
point  on  a  continuum  between  the  values  expected  for  the  pure  (ts)  and  (te) 
states.  Recent  work  with  T-A6-OH  in  a  series  of  H20/TFE  solutions  of  varying 
relative  concentrations  has  provided  additional  insight  into  this  result.  By 
increasing  the  TFE  concentration  to  20  mole%,  a  complete  transition  to  the 
(te)  state  of  the  template  (6  =  3.01  ppm,  J  =  4.9,  16.1  Hz;  6  =  2.82  ppm,  J  =  2.5, 
16.1  Hz),  as  determined  by  NMR  and  CD,  can  be  effected  (Fig.  4). 

Therefore,  we  propose  a  3-state  equilibrium  model  to  describe  these  obser¬ 
vations 


K,  K2 
(cs)  -  (ts)  -  (te) 

The  length-dependent  shift  in  H20  of  the  H9a  and  H9b  (5,J)  values  is  indicative 
of  a  gradual  increase  in  the  (te)/(ts)  ratio,  and  correspondingly,  in  the  population 
of  helical  substates  of  the  peptide.  Thus,  any  given  experimental  parameter  P 
associated  with  the  staggered/eclipsed  isomerization  will  be  observed  as  a  mole- 
fraction  weighted  average  of  the  pure  states 
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experimental 


=  P. 


(ts* 


[ts] 

[ts]  +  [te] 


+  P(te)  • 


[te] 

[ts]  +  [te] 


With  this  in  mind,  the  TFE-concentration  series  can  be  viewed  as  a  means 
of  experimentally  varying  sAla,  and  as  K2  is  intimately  related  to  the  Zimm- 
Bragg  s  values  of  the  conjugated  amino  acid  residues,  this  variation  manifests 
itself  in  the  Hg  (<5,J)  shift  toward  the  (te)  state.  Finally,  the  results  in  CDCb 
can  be  interpreted  in  an  analogous  manner,  where  both  s.vla  and  K2  arc  much 
larger  than  1.0.  Consequently,  the  addition  of  only  three  residues  is  sufficient 
to  induce  a  sudden  transition  from  the  (cs)  state  to  the  (te)  state.  As  a  result, 
the  (ts)  state  never  becomes  significantly  populated,  and  one  observes  an  apparent 
reduction  to  a  2-state  system. 

Due  to  our  present  ability  to  obtain  values  for  the  macroscopic  state  properties 
T/C  (from  integration  of  the  separate  trans  and  cis  >H  NMR  peak  resonances) 
and  (te)/(ts)  (from  the  relative  values  of  8,  J,  0222),  we  are  now  able  to  accurately 
measure  the  relative  populations  of  each  of  the  observed  template  states  and, 
by  extension,  of  the  coil  and  helical  populations  of  any  attached  peptides. 
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Introduction 

We  recently  described  the  design  of  two  site  specific  DNA  binding  peptides 
[1],  Here  we  report  the  details  of  their  syntheses: 

BRCC:  Ac-ALKRARNTEAARRSRARKLQRMKQLEDKVKE 
(LEEKLKA)3  LG-NH, 

MBRCC:  Ac-EARRARNREAAARSRARRAEKLKA(LEEKLKA)4 
LGW-NH: 

Results  and  Discussion 

Prior  to  attempting  the  syntheses  of  the  full-length  peptides,  the  arginine- 
rich  N-terminal  half  of  BRCC  was  assembled  using  both  Boc  and  Fmoe  chemistry. 
The  latter  method  provided  material  of  higher  quality  and  was  used  for  the 
synthesis  of  the  longer  peptides. 

BRCC  and  MBRCC  were  synthesized  by  the  continuous  flow  method  with 
HOBt-activated  Fmoc  amino  acid  pentafluorophenvl  (OPfp)  esters  or  oxoben- 
zotriazine  esters  of  Ser(OtBu)  and  Thr(OtBu).  Fmoc-PAL  resin  mixed  1:4 
(weight/weight)  with  glass  beads  was  used  as  the  solid  support  [2].  Fmoc- 
Arg(Pmc)  [3]  was  coupled  using  either  HBTU  [4]  with  N-methyl  morpholine 
as  base  or  via  the  OPfp  ester:  the  former  gave  the  purer  product.  The  peptides 
were  cleaved  from  the  resin  using  TFA  :  thioanisole  :  ethanedithiol :  anisole 
(9 : 0.5  : 0.3 : 0.2)  for  2  h  at  r.t.  followed  by  ether  precipitation.  The  crude  peptides 
were  purified  by  RPHPLC  (Fig.  1),  and  characterized  by  AAA  and  MS. 

FABMS  gave  satisfactory  results  for  BRCCC.  but  uninterpretable  data  for 
MBRCC.  Use  of  electrosprav  mass  spectrometry  [5],  gave  reliable  data  for  both 
peptides. 

The  dramatic  difference  in  purity  between  these  two  peptides  may,  in  part, 
be  attributed  to  the  presence  of  the  tryptophan  residue  in  MBRCC  which  was 
added  to  facilitate  concentration  determination  by  spectrophotometric  methods. 
The  Pmc  group  is  known  to  alkylate  the  tryptophan  side  chain  as  a  side  reaction 
during  TFA  cleavage  [6], 
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Fig.  I.  Analytical  RPHPLC  of  crude  BRCC  and  MBRCC  peptides.  Conditions:  4.6  *  250  mm  Vydac 
column  using  a  linear  gradient  of  18-63 %  acetonitrile  containing  0. 1%  TFA;  220  nm. 
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Introduction 

Zinc  fingers  constitute  a  highly  conserved  class  of  eukaryotic  DNA-binding 
motifs.  The  enhancer-binding  protein  HIV-EP1  (alternatively  designated  PRDII- 
BP1  and  MHC-BP1)  specifically  recognizes  regions  in  the  long-terminal  repeat 
(LTR)  of  the  HIV-1  genome.  Two  domains  involved  (named  here  for  brevity 
as  HIZ-1  and  HIZ-2)  consist  of  Zn  fingers  (Fig.  1). 

Results  and  Discussion 


We  describe  the  synthesis  of  the  individual  zinc  fingers,  and  analogs,  as  well 
as  peptides  of  63  and  78  residues  which  span  both  HIZ-1  and  HIZ-2  domains. 
These  Fmoc-mediated  syntheses  were  facilitated  by  use  of  PEG-polystyrene  [1]. 
All  couplings  were  performed  automatically  via  the  BOP+  HOBt  method  using 
preassigned  coupling  times  (1-4  hours).  Cysteine,  asparagine  and  glutamine  were 
protected  by  trityl,  arginine  by  Pmc,  histidine  by  trityl,  or  for  residues  asterisked 
in  Fig.  1,  by  t-butoxymethyl.  Following  Reagent  R  cleavage  the  peptides  were 
purified  by  preparative  HPLC  and  characterized,  before  and  after  purification, 
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Fig.  I .  Sequences  and  meial  coordination  of  HIZ-l  and  HIZ-2. 
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Fig.  2.  (A)  Proposed  structure  of  HIZ- lb.  (B)  Reported  structure  of  HIZ-2b. 

by  sequencing,  FABMS,  HPLC  and  AAA. 

The  family  of  vertebrate  zinc  Finger  domains  under  study  possess  HX5H  C- 
terminal  regions  which  form  distinctive  loop-like  structures,  as  is  the  case  for 
HIZ-2.  The  sequence  of  HIZ-lb  is  ambiguous,  since  it  contains  a  HX3HXH 
metal  binding  site  which  can  form  either  the  X5  loop  found  in  homologous 
domains,  or  the  HX3H  form,  which  can  adopt  the  extended  helix  typical  of 
the  majority  of  Zn  Fingers.  We  have  compared  the  spectral  properties  of  a  series 
of  peptides,  the  native  sequence,  and  all  possible  variations  containing  H  —  K 
single  mutations  (Fig.  1).  Visible  absorption  spectroscopy  of  the  Co2  complexes 
show  that  the  tetrahedral  ligand  Fields  are  identical  for  the  native  and  HX,H 
peptides,  and  that  the  d-d  and  thiolate  transitions  differ  for  the  HX5H  and 
HXH  peptides.  This  finding  is  confirmed  by  optical  pH  titration  which  shows 
the  native  and  HX3H  analog  to  have  equal  stability,  as  well  as  the  fact  that 
‘H  NMR  of  the  zinc  complexes  of  the  HX3H  and  native  peptides  are  essentially 
identical.  These  results  demonstrate  that  HIZ-lb  adopts  the  HX3H  structure 
shown  in  Fig.  2A,  rather  than  the  HX5H  structure  expected  on  the  basis  of 
sequence  homologies.  This  preference  is  a  reflection  of  the  stability  of  the  helix 
to  that  of  the  alternative  loop  (in  which  H-bonding  is  attenuated  or  absent). 
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Introduction 

The  leucine  zipper  motif  forms  a  coiled-coil  dimerization  surface  for  homodimer 
and  heterodimer  assembly  [1],  which  we  are  investigating  as  a  dimerization  motif 
to  construct  chimeric  proteins.  Leucine  zippers  consist  of  a  4/3  heptad  repeat 
(abcdef)  in  which  the  residues  at  the  a  and  d  positions  form  a  hydrophobic 
interface,  e  and  g  border  residues  are  often  charged,  and  the  b,  c,  and  f  residues 
form  the  exterior  solvent-exposed  surface  (Fig.  1)  [2], 

Results  and  Discussion 

Homodimer.  The  42  residue  polypeptide  TG2  was  designed  and  synthesized 
with  a  4/3  heptad  repeat  of  VSSLESK  in  order  to  form  a  parallel  coiled-coil. 
Positions  b,  c,  and  f  are  serine,  a  and  d  are  valine  and  leucine,  respectively, 
and  e  and  g  are  glutamic  acid  and  lysine,  respectively.  The  far  ultraviolet  CD 
spectra  of  TG2  as  a  function  of  temperature  is  shown  in  Fig.  2.  At  25°C  TG2 
exhibits  negative  transitions  at  222  and  208  nm  and  a  positive  transition  at  192 
nm.  TG2  forms  a  stable  a-helix  structure.  That  Tm  is  a  function  of  peptide 
concentration  suggests  that  the  a-helical  structure  is  due  to  a  multimeric,  not 
monomeric,  species. 

Heterodimer.  A  second  set  of  polypeptides  were  designed  to  explore  the 
requirements  for  heterodimer  formation.  The  two  35  residue  polypeptides  TG3 
and  TG4  are  based  on  the  4/3  heptad  VSSLESE  and  VSSLKSK  and  are  negatively 


Fig.  1.  Helical  wheel  representation  of  a  parallel,  in  register  coiled-coil  leucine  zipper  dimer. 
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Fig.  2.  CD  analysis  of  TG2  showing  temperature  dependence  of  a-helix  formation  for  homodimer 
formation. 


and  positively  charged,  respectively.  An  equimolar  mixture  of  the  two  peptides 
displays  significant  a-helical  content  at  neutral  pH.  TG3  and  TG4  individually 
exhibit  such  a-helical  content  at  acidic  and  basic  pH’s,  respectively,  but  not 
at  neutral  pH.  Thus,  TG3  and  TG4  form  coiled-coil  homodimers  at  acidic  and 
basic  pH,  respectively,  while  the  TG3/TG4  mixture  forms  a  coiled-coil  hete¬ 
rodimer  at  neutral  pH. 

Our  results  show  that  homodimers  can  be  constructed  from  simplified  sequences 
by  combining  a  hydrophilic  exterior,  a  hydrophobic  interior,  and  a  border  of 
intermolecular  salt  bridging  residues.  Residues  at  positions  e  and  g  can  serve 
to  control  formation  of  homodimer  versus  heterodimer.  Natural  leucine  zipper 
sequences  can  be  greatly  simplified  without  significant  loss  in  stability.  Overall, 
our  results  demonstrate  how  the  leucine  zipper  motif  may  be  combined  with 
other  sequences,  for  ex?mple  a  recognition  peptide  for  a  receptor,  to  produce 
chimeras  with  novel  recognition  properties. 
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Introduction 

V8  protease  catalyzes  the  splicing  of  the  discontinuity  site  of  an  equimolar 
mixture  of  the  human  a-globin  fragments  a^  and  or3,_14,  at  pH  6.0  and  4°C, 
in  the  presence  of  30%  n-propanol  with  an  overall  yield  of  45  to  50%  [1].  The 
‘fragment  complementation’  that  has  been  shown  to  facilitate  the  protease 
catalyzed  splicing  of  discontinuity  sites  of  fragment  complementing  systems  like 
RNAase-S  in  the  presence  of  90%  glycerol  [2]  does  not  appear  to  be  a  major 
contributor  for  the  splicing  reaction.  Besides,  glycerol  is  not  a  useful  organic 
cosolvent  for  this  splicing  reaction,  whereas  2-propanol,  and  trifluoroethanol. 
whtch  are  known  to  induce  a-helical  conformation  in  proteins  [2,3]  and  peptides, 
are  good  cosolvents  to  facilitate  the  present  discontinuity  site  splicing  reaction 
in  much  the  same  way  as  n-propanol  [1],  Using  synthetic  as  well  as  truncated 
globin  fragments,  the  existence  of  an  operational  intramolecular  conformational 
trap  of  the  splicing  reaction  has  now  been  demonstrated. 

Results  and  Discussion 

The  influence  of  truncation  of  the  a-globin  fragments,  ai.jo  at  its  amino 
terminus,  and  of  a3|_|4,  at  the  carboxyl  terminus  on  the  V8  protease  catalyzed 
splicing  of  the  complementary  segments  of  a-globin  to  form  Glu30-Arg31  peptide 
bond  was  investigated  (Table  1).  The  results  clearly  demonstrated  that  nearly 
84%  of  the  a-globin  chain  is  not  necessary  to  maintain  the  high  efficiency  of 
the  protease  catalyzed  splicing  of  Glu30-Arg31  peptide  bond.  A  chain  length  of 
at  least  24  residues  appears  to  be  needed  in  order  to  maintain  synthetic  efficiency 
of  the  parent  molecule  as  seen  with  the  segment  an^.  When  the  chain  length 
of  the  contiguous  segment  is  reduced  to  16  residues  as  in  a:i  ,0.  the  splicing 
efficiency  is  reduced  by  nearly  50%.  It  is  particularly  interesting  to  note  that 
the  structural  information  of  the  segment  ai^  that  is  crucial  for  the  optimum 
splicing  reaction  and  lost  on  truncation  of  the  segment  to  a^^  could  be  restored 
almost  completely  by  increasing  the  chain  length  of  the  amino  component  from 
31-40  to  31-47.  It  has  been  previously  established  that  a2)!-3o  did  not  ligate 
with  a, i-47  [4],  These  results  demonstrate  that  the  structural  information  encoded 
in  the  segment  ajg.jo-  and  a  chain  length  of  at  least  24  residues  are  the  essential 
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Table  1  Influence  of  chain  length  of  globin  fragments  on  V8  protease  catalyzed  splicing 
of  GluJ0-ArgJI  peptide  bond11 


Carboxyl 

component 

Amino 

component 

Synthetic 
yield  (%) 

Enhanced  helicity  of 
nascent  segments  in 

30%  n-propanolb  (02::) 

or  1  10 

031-141 

45 

-3800 

O|-10 

031-47 

43 

-4600 

Op.  10 

0)1-47 

42 

ND 

Op.  in 

0)1-47 

40 

-9600 

o;.*-io 

Ol|  -47 

22 

-9000 

0:4-10 

0)|_47 

38 

-9500 

J  All  the  splicing  reactions  were  carried  out  in  50  mM  ammonium  acetate  buffer  containing  30% 
n-propanol  at  4°C.  The  concentration  of  the  amino  and  the  carboxyl  components  are  1  mM 
each.  An  enzyme  to  substrate  ratio  of  1  to  200  was  used  in  all  these  experiments.  After  72  h 
of  incubation,  the  semisynthetic  reaction  mixtures  were  lyophilized  and  analyzed  by  RPHPLC. 
The  segments  014.30  and  <131-40  were  prepared  by  chemical  synthesis. 

N.D.  -not  determined. 

b  Presented  as  the  decrease  in  the  02i2  of  contiguous  segment  in  the  presence  of  30%  n-propanol. 
as  compared  with  that  of  the  discontiguous  segment  under  the  same  conditions. 

structural  elements  of  the  globin  chain  to  endow  the  splicing  potential  to  the 
complimentary  segments. 

The  chain  contiguity  mediated  enhanced  helicity  of  the  globin  segments  in 
the  presence  of  n-propanol  has  been  determined  by  comparing  the  far  ultraviolet 
CD  spectra  of  the  contiguous  and  the  discontiguous  segments  (Table  1).  The 
results  clearly  reveals  the  lack  of  direct  correlation  of  the  splicing  potential  of 
the  globin  segments  and  the  observed  increase  in  a-helicity.  One  generality  appears 
to  be  clear  cut,  namely  the  a-helicity  is  increased  as  the  chain  contiguity  is 
established.  The  protease  catalyzed  splicing  reaction  in  the  presence  of  organic 
cosolvents  implies  an  equilibrium  between  the  contiguous  and  the  discontiguous 
segments.  Though  the  a-helical  content  of  a24^o  and  a24_47  appears  to  be  nearly 
the  same,  the  quality  of  the  a-helical  conformation  of  the  two  a-globin  segments, 
particularly  in  the  region  of  Glu30-Arg31  peptide  bond  are  distinct.  The  contiguity 
mediated  increased  helicity  of  the  different  globin  segments  does  not  directly 
reflect  the  stability/accessibility  aspects  of  the  Glu30-Arg31  peptide  bond  of  the 
respective  segments  to  proteolysis. 
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Introduction 

BetabeJlin  12  is  the  result  of  an  effort  to  engineer  a  /3-barrel  bell- shaped  prote/n. 
The  de  novo  design,  chemical  synthesis,  and  characterization  of  betabellin  12 
was  based  on  betabellins  9,  10,  and  11.  Design  optimization  led  us  to  replace 
a  C-terminal  crosslinker  between  the  two  identical  32-residue  chains  with  an 
internal  disulfide  bridge,  to  replace  the  chemically  labile  Asp-Pro  bond  in  each 
chain  with  an  Asn-Pro  bond,  and  to  replace  the  bulky  4-iodophenylalanine  residue 
with  a  Phe  residue.  Our  previous  molecular  modeling  studies  [1]  suggested  that 
D-amino  acids  should  enhance  the  folding  of  the  disulfide-bridged  two-chain 
protein  into  a  /3-barrel  by  favoring  the  formation  of  inverse-common  (Type-F) 
/3-turns. 

Results  and  Discussion 

We  report  here  the  synthesis  of  the  32-residue  chain  of  betabellin  12: 


«  '  '  - - - - 1 - - - r - - - 1 - - - 1 - - - r 

200  210  220  230  240  250  260 


Wavelength  (nm) 

Fig.  1.  Circular  dichroism  spectra  for  betabellin  1 2D  at  several  temperatures. 
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frequency  shift  (cm-1) 

Fig.  2.  Raman  spectrum  of  betabeilin  1 2D  ( - )  in  water  (pH  6.3).  Standard  structures  are 

the  a-helical  peptide  mellitin  ( - ■),  the  predominantly  fj-sheet  proteins  concananvalin  A 

( - )  and  erabutoxin  ( - •),  and  lysozyme  (■ . ■)  denatured  in  6  M  guanidine  •  HCl. 

HTLTASIpdLTYSINpdTATCKVpdFTLSIGA  (lowercase  letters  correspond  to 
o-amino  acids).  This  chain  has  three  D-Pro-D-Asp  (pd)  pairs  of  D-amino  acids 
to  induce  the  three  desired  /3-turns.  Significant  improvements  in  automatic  solid- 
phase  assembly  of  this  chain  facilitated  the  RPHPLC  purification  of  betabeilin 
12H,  the  single-chain  thiol  (2).  Air  oxidation  furnished  betabeilin  12D,  the 
disulfide-bridged  two-chain  protein,  which  after  RPHPLC  gave  the  expected 
amino  acid  composition  and  molecular  mass  [2].  The  folded  structure  of  betabeilin 
12D  was  studied  by  several  biophysical  methods. 

In  the  biphasic  4:1:5  (v/v)  butanol/acetic  acid/water  system,  the  partition 
coefficient  of  the  relatively  water-soluble  betabeilin  12D  increased  linearly 
(butanol  phase/water  phase  =  0.03  to  0.55)  as  its  average  concentration  increased 
from  2  nM  to  56  *iM  [2],  By  CD  spectroscopy  in  25  mM  phosphate  (pH  7.4), 
betabeilin  12D  showed  no  a-helical  structure  but  substantial  P  structure  that 
was  stable  to  at  least  65°C  (Fig.  1).  By  Raman  spectroscopy  in  water  at  pH 
6.3,  betabeilin  12D  showed  no  a-helical  band  at  1650  cm-1  but  a  dominant 
/?-sheet  band  at  1670  cm-1  consistent  with  a  folded  structure  that  is  at  least 
60%  P  structure  (Fig.  2).  By  2D  NMR,  in  (CDj^SO,  the  sequence  of  betabeilin 
12D  and  a  /3-tum  was  identified  for  each  X-D-Pro-D-Asp-Y  segment. 
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Introduction 

The  development  of  peptide  analogs  with  predetermined  biological  activities 
depends  upon  modeling  peptides  with  well  determined  three-dimensional  struc¬ 
ture.  We  are  therefore  developing  specific  'molecular  tools’  to  achieve  the 
following  goals:  a)  to  freeze  the  conformation  of  the  flexible  linear  peptide  using 
cyclic  analogs;  b)  to  insert  small  cyclization  arms  which  should  be  able  to  force 
the  rest  the  molecule,  constituted  of  a-aminoacids,  in  a  y-,  /3 -  or  cr-turn.  We 
have  already  reported  [  1 ,2]  that  in  small  cyclic  peptides  the  /3-Ala-/J-Ala  dipeptide 
can  be  conveniently  used  to  force  the  rest  of  the  molecule  in  a  /3-tumed 
conformation.  We  have  extended  our  study  to  the  design  of  7-turned  confor¬ 
mation.  We  report  the  synthesis  and  structural  characterization  both  by  NMR 
in  CDiCN  solution  and  by  X-ray  diffraction  of  the  cyclic  tetrapeptides  cvclo- 
(/3-Ala-L-Pro-/3-Ala-Aaa)  (Aaa  =  L-Pro  (1).  L-Val  (2)),  in  order  to  verify  the 
usefulness  of  the  sequence  /3-Ala-Pro-/3-Ala  as  molecular  tool  to  force  the  peptide 
in  a  7-turn  conformation. 

Results  and  Discussion 

Peptides  1  and  2  were  synthesized  in  solution  using  classical  methods  and 
the  cyclization  was  accomplished  in  good  yields  (40%)  in  diluted  methylene 
chloride  solution  using  DCCI.  Compound  I  crystallizes  in  the  orthorhombic 
space  group  P2t2121  from  ethyl  acetate.  All  peptide  bonds  are  trans.  The  molecular 
conformation  is  stabilized  by  two  intramolecular  hydrogen  bonds  between  the 
CO  and  NH  group  of  the  /3-alanine  residues.  These  hydrogen  bonds  take  part 
in  a  Cr  structure  in  which  both  proline  residues  occupy  the  2  position  of  a 
7-turn  (Fig.  1).  The  packing  forces  are  Van  der  Waals  interactions. 

The  NMR  investigation  of  1  in  CD3CN  (at  298  K)  fully  supports  the 
conformation  found  in  the  solid  state.  The  molecule  assumes  a  2-fold  symmetry 
in  solution.  The  temperature  coefficient  of  the  only  amidic  proton  as  well  as 
the  NOE  effects,  carbon  chemical  shifts  and  the  coupling  constants  values  of 
the  /3-Ala  residues  all  prove  that  the  conformation  is  retained  in  solution. 

Compound  2  crystallizes  in  the  monoclinic  space  group  P2,  from  ethyl  acetate 
with  two  independent  molecules  in  the  unit  cell.  All  peptide  bonds  are  trans. 
The  molecular  conformation  of  the  two  independent  molecules  are  quite 
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Fig.  I.  Molecular  model  of  cyclo-l p-Ala-t  -Pro-fj-Ala-i  -Pro)  fa)  and  cvclo-f 0-Ala-i-Pro-li-Ala-i- Val) 
(two  independent  molecules)  (b).  Relevant  conformational  parameters  are  reported,  as  well  as  intra¬ 
molecular  hydrogen  bond  distances. 

different  even  though  the  overall  shape  of  the  molecules  are  similar.  No  7- 
turns  are  observed,  but  all  the  NH  groups  are  involved  in  intermolecular  hydrogen 
bonds  which  are  responsible  for  the  stability  for  the  crystal  lattice. 

The  NMR  investigation  of  2  in  CDjCN  (at  298  K)  demonstrate  a  different 
conformation  from  that  found  in  the  solid  state.  The  temperature  coefficient 
of  the  amidic  protons  as  well  as  the  NOE  effects,  carbon  chemical  shifts  and 
the  coupling  constants  values  of  the  /?-Ala  residues  all  prove  that  the  conformation 
in  solution  is  characterized  by  two  y-tums  involving  the  Pro2  and  Val4  residues 
in  the  relative  position  2. 

References 

1.  Pavone,  V..  Lombardi,  A.,  Yang,  X.,  Pedone,  C.  and  Di  Biasio,  B.,  Biopolymers,  30(1990)  189. 

2.  Di  Biasio.  B.,  Lombardi,  A.,  Yang,  X.,  Pedone,  C.  and  Pavone,  V.,  Biopolymers,  in  press. 


367 


Design,  folding  and  immunochemical  properties  of  peptides 
with  parallel  and  antiparallel  aa  supersecondary  and 
4ct-helical  bundle  structural  motifs 


Hyosil  Lee  and  Pravin  T.P.  Kaumaya 

College  of  Medicine.  Departments  of  OB/GYN,  Medical  Biochemistry  and  the 
Comprehensive  Cancer  Center,  The  Ohio  State  University.  Columbus.  OH  43210.  U.S.A. 


Introduction 

Recent  crystallographic  data  of  highly  conformation-dependent  antigen-anti¬ 
body  binding  obtained  from  the  structure  of  Fab  complexed  with  their  antigen 
[1]  led  us  to  study  whether  immunogenic  peptides  can  be  engineered  to  adopt 
a  stable  conformation  in  aqueous  solution.  We  reported  on  the  design,  synthesis 
and  biophysical  characterization  of  a  peptide  which  folds  into  an  aa  super¬ 
secondary  structure  and  4a-helical  bundle  [2,3].  We  have  also  designed  peptides 
with  a/3,  /3a/ 3,  and  /3a/3a  folding  motifs,  and  have  shown  that  these  constructs 
are  highly  immunogenic  generating  antibodies  of  higher  affinity  than  their 
corresponding  linear  peptides  [4],  These  results  indicate  that  it  is  possible  to 
engineer  peptide  sequences  to  mimic  accurately  certain  regions  of  a  native  protein. 
In  order  to  gain  further  understanding  of  the  structural  determinants  of  peptide 
folding,  we  have  designed  and  synthesized  a  panel  of  5  model  peptides  with 
ota  folding  motifs  incorporating  similar  and  opposing  structural  elements  (Fig. 
1).  The  contribution  of  stabilizing  factors  such  as  ion  pairs,  varying  degrees 
of  amphiphilicity,  parallel  versus  antiparallel  arrangements  of  the  helices,  salt 
bridges,  and  alignment  of  peptide  dipoles  to  the  helix  axis  were  assessed  by 
circular  dichroism  (CD).  We  also  show  that  antibodies  raised  to  these  peptides 
are  cross  reactive  with  the  structural  variants  as  well  as  the  the  native  protein 
LDH-C4  indicating  that  the  folding  properties  are  similar. 

Results  and  Discussion 

Peptide  engineering 

A  surface-accesible  a-helical  segment  (sequence  310-327,  aN)  of  mouse  lactate 
dehydrogenase  (LDH-C4)  was  idealized  into  an  amphiphilic  al  peptide.  The 
idealized  sequence  has  the  ‘heptad  repeat’  to  promote  hydrophobic  interaction 
between  leucines  of  the  amphiphilic  helices.  The  individual  a  helices  were 
connected  in  parallel  and  anti-parallel  arrangements  by  a  4-residue  /3-turn 
displaying  the  1,3,  and  8  'necessary  cluster’  as  these  residues  point  into  the 
hydrophobic  core.  The  hybrid  peptide  was  synthesized  connecting  al  peptide 
with  sequence  of  86-103  peptide  (from  Cytochrome  c)  by  /3-turn  in  anti-parallel 
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•7  103 

Fig.  I.  Sequences  of  the  peptides. 


fashion,  and  TP  peptides  were  by  two  87-103  sequence  (from  Cytochrome  c) 
in  parallel  fashion.  The  N-terminal  of  TP-A  peptide  was  acetylated  to  assess 
effect  of  removal  of  charge  on  the  folding  properties. 


Synthesis  and  characterization 

Peptides  were  synthesized  by  stepwise  Fmoc-t-butyl  strategy  on  MBHAR,  and 
were  purified  by  semi-preparative  RPHPLC.  Purity  and  composition  of  the 
peptides  were  determined  by  HPLC,  solid  phase  Edman  sequencing,  and  AAA. 

The  conformational  properties  of  the  peptides  were  investigated  by  CD  at 
physiological  pH  and  buffer.  All  of  the  peptides  show  typical  a  helical  spectra 
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with  minimal  band  at  208  and  222  nm.  The  concentration  dependent  study  shows 
that  the  peptides  aggregate  to  stabilize  their  structure.  We  have  previously  reported 
that  a3  form  dimers  giving  the  4a-helical  bundle  type  structure.  At  low 
concentration  (1.01  /iM),  the  peptides  were  stable  in  7-12  pH  range  and  at 
pH  2.8  for  the  <*3  peptide.  There  was  a  decrease  in  stability  at  intermediate 
pH  3-7.  At  relatively  high  peptide  concentration  there  were  minimal  changes 
in  the  stability  of  the  peptide  with  varying  pH  suggesting  that  hydrophobic 
interaction  governs  the  folding  and  associations  while  changing  pH  does  not 
significantly  affect  stability.  TFE,  which  is  known  to  induce  helicity  of  single¬ 
chain  helical  peptides  [5],  showed  significant  effect  on  the  peptides  when  they 
are  in  monomeric  state  (concentration  of  1.01  /ltM).  However,  the  TFE  effect 
was  insignificant  when  peptides  are  already  in  aggregated  form.  The  unfolding 
equilibrium  from  folded  to  unfolded  state  was  studied  by  GnHCl  denaturation 
of  peptides.  The  peptides  were  very  stable  requiring  at  least  5  M  of  Gn  HCl 
to  start  unfolding  and  8  M  of  GnHCl  was  needed  to  achieve  the  fully  random 
coil  state.  The  effect  of  acetylation  of  N-terminal  residue  of  TP-A  peptide  on 
structure  stability  were  not  significant  indicating  again  that  the  contribution 
of  hydrophobic  interaction  to  the  overall  folding  is  maximal. 

Immune  response 

Rabbits  were  immunized  subcutaneously  with  a3  and  a3R  peptides  emulsified 
in  CFA  and  subsequent  boosts  were  given  at  4  week  intervals.  All  rabbits  induced 
specific  antibody  and  showed  reactivity  for  the  anticipated  structure  (the 
immunogen)  as  well  as  sequence  in  the  native  protein  (native  LDH-C4). 
Antibodies  to  <*3  were  cross  reactive  with  a3R  and  vice  versa  suggesting  similar 
folding  properties  of  each  of  these  peptides. 
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Introduction 

Some  hydrophobic  helical  peptides  such  as  alamethicin  have  been  shown  to 
form  voltage-dependent  ion  channels  in  phospholipid  bilavers,  best  explained 
by  the  formation  of  a  bundle  structure,  where  helical  peptides  take  a  parallel 
orientation  according  to  the  gradient  of  electric  field  applied.  Such  bundle 
structures  were  prepared  by  connecting  hydrophobic  helical  peptides  to  a  lactose 
derivative  or  benzo-18-crown-6.  The  glvcopeptides  are  expected  to  form  an 
aggregate  in  membrane  with  the  addition  of  a  specific  lectin.  The  crown  ether 
moiety  will  form  a  2:  1  complex  with  a  Cs*  ion.  Furthermore,  four  a-helical 
octapeptides  were  connected  to  a  cyclic  octapeptide,  a  template  for  a  four-helix 
bundle.  Interestingly,  formation  of  the  bundle  structure  is  regulated  by  com- 
plexation  at  the  cyclic  octapeptide  moiety,  therefore  the  peptide  is  considered 
as  an  allosteric  protein  model. 

Results  and  Discussion 


Molecular  structures  of  hydrophobic  helical  peptide  derivatives  are  shown 
in  Fig.  1.  The  peptides  were  synthesized  using  liquid-phase  method. 


NM-(C0-C(CH,),-NH-CO’CM-NH).-C0-O-C(CH,), 
,  (CM,).  CM, 


CH.-C-O— r-rNH-CH-C-NH— C  —  C-^N'H-CH-C-NH — r£  NH  CH-Vo-S  cNj-C^; — ■ 
CH,  6'  CH.  6  CH.O  I  m  CH,  0  |  | 


Boc-(Ala-Aib)  •Ala-Cr  (II) 


C8KS-AA8B 


CH.  ,  CH.  CH.  \  /  \, 

CH.-C-O-CO^NH-CH-CO-NH-C-CO  t-NH-:CH.’,-NH-Cs  Hq\^.0  HO  ^ 


OH 
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CM,  CH, 

C  H  NHj 

CH,  (CH.J, 

NH-(C0-C(CM,),-NM-C0-CH-NM-C0-C;CH1),.NM-C0-CH-NH),-C0-0-C(CH,), 
(CM,).  CM, 


pT  NH.CH.CO-N.CH,.CO^ — j 


C8KS-KA  ’LA’8B 

Fi$.  I.  Molecular  structure  of  synthetic  helical  peptides. 
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amphiphilic  a-helix  hydrophobic  pocket 


Fig.  2.  Schematic  presentation  of  allosteric  effect  of  C8KS-KA'LA'8B. 

The  helical  content  of  Boc-(Aia-Aib)n-OMe  (n  =  2,  4,  6,  8,  10)  in  solution 
increased  as  the  chain  length  was  elongated.  Boc-(Ala-Aib)g-OMe  was  shown 
by  X-ray  analysis  to  take  an  a-helical  conformation  in  a  crystalline  state.  All 
the  peptides  were  found  to  form  voltage-dependent  ion  channels  across  phos¬ 
pholipid  bilayers.  The  voltage  required  for  formation  of  ion  channel  decreased 
with  increasing  the  peptide  chain  length.  It  is  notable  that  Boc-(Ala-Aib)4-Lac 
(I)  and  Boc-(Ala-Aib)4-Ala-Cr  (II)  formed  ion  channel  at  lower  voltage  applied 
to  the  membrane  than  Boc-(Ala-Aib)4-OMe.  We  propose  that  the  primary 
amphiphilicity  of  the  peptides  promotes  distribution  of  the  peptides  in  a 
membrane-spanning  orientation.  The  addition  of  lectin  to  (I)  or  Cs+  to  (II) 
enhanced  the  formation  of  ion  channel  as  expected. 

Cyclo-(Lys(Z)-Sar)4  was  shown  to  form  a  complex  selectively  with  Ca2+  [1]. 
In  methanol/water  (95/5  v/v)  solution  of  C8KS-KA'LA'8B  or  C8KS-AA'8B. 
the  addition  of  Ca2+  salts  increased  the  content  of  a-helical  conformation.  The 
stabilization  of  a-helical  conformation  could  be  ascribed  to  interaction  between 
the  a-helix  dipole  and  a  positive  ion  complexed  with  the  cyclic  octapeptide  matrix. 
The  addition  of  C8KS-KA'LA'8B  to  a  HEPES-buffered  solution  of  8-anilino- 
naphthalene- 1  -sulfonic  acid  (ANS)  increased  the  fluorescence  intensity  of  ANS. 
The  intensification  of  ANS  fluorescence  was  more  significant  in  the  presence 
of  higher  concentrations  of  Ca2+  salts.  We  propose  that  the  increasing  fluorescence 
intensity  results  from  a  capture  of  ANS  into  a  hydrophobic  pocket  which  is 
formed  by  the  bundle  structure  of  four  amphiphilic  a-helical  octapeptides  in 
a  parallel  orientation.  The  allosteric  effect  of  the  peptide  is  schematically  shown 
in  Fig.  2. 
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Introduction 

In  the  area  of  molecular  recognition,  there  have  been  several  types  of  synthetic 
host  molecule  that  have  been  extensively  utilized,  notably  the  crown  ethers, 
cyclodextrins,  and  calixarenes.  But  despite  the  fact  that  proteins  offer  the  best 
examples  of  naturally  occurring  host  molecules,  there  does  not  appear  to  have 
been  any  systematic  attempt  to  prepare  peptidic  hosts.  This  paper  deals  with 
polycyclic  peptides  that  might  be  viable  cavitands. 

Results  and  Discussion 

In  order  to  obtain  peptides  that  possessed  a  3D  cavity,  we  decided  to  prepare 
cyclic  peptides  containing  several  L-lysine  residues,  so  that  intramolecular  cross- 
linking  of  the  side  chains  might  generate  polycyciic  structures  (Fig.  1).  Our  initial 
hexapeptide  target  was  cyclo-[Lys(Z)-Lys(Z)-Gly]2,  formed  by  the  cyclo-dimer¬ 
ization  [1]  of  H-[Lys(Z)-Lys(Z)-Gly]2-OPFP;  interestingly,  the  use  of  Cs2C03 
in  this  reaction  led  to  significantly  higher  yields  (42%)  than  those  from  other 
bases,  and  the  C2  symmetry  of  cyclo-[Lys(Z)-Lys(Z)-Giy]2  was  apparent  from 
its  l3C  NMR  spectrum  at  room  temperature. 

After  deprotection  of  the  N‘-nitrogens,  cross-linking  was  achieved  by  the  slow 


Fig.  1.  Structures  of  polycyclic  peptide  I  and  2fa,b). 


(2a):  R1  =  R1  =  p-[CH2-CgH4-CHjOCHjCF}] 
(2b):  R1  =  H,  R*  =  p.[CHrCeH4-CH2OCH2CFj] 
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Fig.  2.  Synthetic  route  for  polycyclic  peptides.  Reagents:  a )  p-(BrCHj  C„H4/  Cs*CO}/  DMF:  b) 
20%  0.5  M  KOH(aq)/  DMF:  c)  DCC/  PFP-OH/  DMF:  d)  50%  TFA/  ClFCF:  e)  Cs,COj/  DMF. 
[Y~p-(  CHj-C^HrCHj  l 


addition  of  a,a’-dibromo-p-xylene  in  the  presence  of  Et2NPr>  [2];  the  desired 
fully  cross-linked  product  (1)  was  only  observed  when  TFE  was  used  as  the 
solvent,  but  this  also  led  to  the  formation  of  by-products  [e.g.  (2a)  and  (2b)] 
resulting  from  attack  of  the  solvent  on  the  cross  linker.  Nevertheless,  these  results 
demonstrated  that  polycyclic  peptides  of  this  type  are  realistic  synthetic  targets. 

We  have  also  prepared  cyclo-[Lys(Z)-GIy]3.  But  the  use  of  simple  cyclic  peptides 
as  precursors  to  cavitands  does  have  severe  limitations,  because  there  are  tight 
constraints  on  the  type  of  cross  linker  that  can  be  used.  We  have  therefore 
started  to  use  linear  tripeptides  that  already  possess  a  cross  linker  as  key  building 
blocks  (Fig.  2). 

One  of  the  key  features  of  this  approach  is  the  use  of  tosyl  both  as  an  activating 
group  (stabilizing  the  anion  on  nitrogen,  for  introduction  of  the  cross  linker) 
and  as  a  protecting  group  (for  the  subsequent  peptide  couplings).  The  cyclo- 
dimerization  reactions  yielded  cyclic  peptides  possessing  two  cross  linkers,  and 
these  are  probably  the  first  examples  of  such  compounds.  The  cross  linker  shown 
is  p-xylyl,  but  the  (CH2)6  spacer  has  also  been  employed,  and  the  high  cyclo¬ 
dimerization  yields  (25-66%)  indicate  that  the  cross-linked  tripeptides  can  readily 
adopt  the  required  conformations.  After  removal  of  the  tosyl  protection,  we 
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will  be  attempting  the  final  cross-linking  reactions  with  di-alkylating  or  di- 
acylating  agents. 
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Introduction 

An  a//3  barrel  protein,  as  typified  by  triose-phosphate  isomerase  (TIM),  has 
a  structure  which  consists  of  a  parallel  /3-barrel  core  of  8  strands  surrounded 
by  8  a-helices  [1],  Such  structure,  (/3/a)g,  can  be  seen  in  many  proteins,  however 
the  amino  acid  sequences  of  their  a-helices  and  /3-strands  have  no  similarity, 
even  within  a  given  protein.  This  may  suggest  that  the  structure  is  easily  formed. 
We,  therefore,  tried  to  make  an  a//3  barrel  protein  by  de  novo  design. 

Results  and  Discussion 

In  order  to  build  the  structure  from  scratch,  we  designed  a  (/3-a)2  sequence 
as  a  basic  unit  and  repeated  it  4  times.  We  decided  on  a  217  amino  acid  residues 
fragment,  TIM-0. 

TIM-0  contained  two  ATP  binding  sites  and  cleavage  sites  for  kallikrein  and 
thrombin.  A  gene  for  this  protein  was  chemically  synthesized  and  expressed 
in  E.  coli.  It  was  expressed  as  a  fusion  protein;  a  piece  of  human  growth  hormone 
with  the  barrel  protein  linked  to  the  Met.  The  fusion  protein  was  cleaved  by 
treatment  with  cyanogen  bromide.  It  was  purified  with  a  combination  of  cation- 
exchange  and  size-exclusion  chromatography  and  refolded  by  dialysis.  Another 
three  proteins  were  made  using  the  same  procedure.  TIM-1,  the  protein  in  which 
the  functional  sequences  were  removed  from  TIM-0,  has  4-foided  symmetry  as 
a  consequence  of  removing  the  functionality.  Two  Leu  residues  on  the  eight 
helices  of  TIM-1  were  replaced  by  Ala  residues  (TIM-LA).  Two  Gin  residues 
were  substituted  for  Glu  and  Lys  residues  on  one  helix  of  each  basic  unit  (TIM- 
EK-Q2).  Size  exclusion  chromatography  and  CD  showed  that  the  proteins,  except 
for  TIM-LA,  existed  as  monomers  and  had  folded  structures.  The  stability  toward 
urea  denaturation  was  measured  (Fig.  1).  TIM-1  possessed  higher  stability  when 
compared  to  the  other  proteins.  The  midpoint  of  the  denaturation  curve,  however, 
occurred  at  a  2.9  M  urea,  suggesting  that  TIM-1  was  folded,  but  relatively  loosely. 
Measurement  of  fluorescence  of  the  tyrosine  residues,  designed  to  be  on  the 
/3-sheet,  in  different  concentrations  of  phosphate  showed  that  they  were  inside 
the  protein  as  designed. 

A  basic  unit  from  TIM-1  was  repeated  3  or  5  times,  creating  6-fold  (TIM- 
1-VI)  or  10-fold  (TIM-l-X)  barrel  proteins.  TIM-l-VI  and  TIM-l-X  have 
structures  of  (/3 -a)6  and  (/3-a)10,  respectively.  TIM-l-X  was  found  to  be  more 
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Urea  concentration  (M) 


Urea  concentration  (Ml 

Fig.  I .  Urea  denaturation  curves  for  the  designed  proteins. 

stable  than  TIM-1  and  almost  as  stable  as  natural  TIM  (Fig.  1).  Interactions 
between  the  interior  side  chain  of  /8-strands  seem  to  be  important  for  the  packing 
of  the  protein,  making  the  protein  more  stable.  TIM-l-X  might  have  a  change 
in  its  packing  scheme  to  produce  more  interactions  than  TIM- 1.  When  looking 
into  natural  a//3  barrel  proteins,  combination  of  the  amino  acid  residues  with 
a  large  and  a  small  side  chain  seems  to  make  the  proteins  more  packed  at 
the  interior  of  the  /3-strand.  On  the  other  hand,  in  our  design,  four  identical 
amino  acid  residues  were  facing  towards  the  interior  at  every  equatorial  cross 
section  of  the  /3-barrel.  We  are  re-designing  the  a//3  barrel  protein  so  as  to 
optimize  packing  at  the  interior  of  the  /3-barrel. 
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Introduction 

The  design  of  oligopeptides  has  started  with  the  mimicry  of  secondary  structures 
present  in  natural  proteins,  such  as  a-helices  or  /3-sheets.  Among  them,  a-helices 
seem  easier  to  design.  Several  workers  have  already  designed  a  variety  of  a- 
helical  conformations  [1-4].  We  have  designed  a  new  type  of  coiled  coil  helix 
of  30-residues  long  (PERI  COIL-1)  with  proline  residues  introduced  periodically 
in  the  sequence.  PERI  COIL-1  is  kinked  at  proline  residues  and  fold  into 
amphiphilic  a-helices.  Two  such  amphiphilic  helices  should  form  a  dimer 
stabilized  by  hydrophobic  interactions.  PERI  COIL-1  has  been  synthesized 
chemically,  and  characterized  by  CD.  size-exclusion  chromatography  and  NMR. 
They  form  stable  helical  tetramers  in  aqueous  solution.  The  design  can  be  extended 
to  longer  strands  by  adding  periodic  blocks,  and  the  grooves  created  by  the 
helical  bending  might  be  useful  for  introducing  an  active  site. 

The  sequence  of  PERI  COIL- 1  is:  EELPLAEALAPLLEALLPLAEALAPLLKK. 


Wavelength  tnm] 

Fig.  I.  Design  of  a-helical  coiled  coil  with  bends  Fig.  2.  CD  spectra  for  PERI  COIL-I  at  pH 
at  periodic  prolines.  3. 4  at  2 (PC.  The  peptide  concentration  is  50  pM. 


378 


De  novo  design 


0  20  40  10  10  100 

?omp«r*tur«  (*C] 


Fig.  3.  Thermal-denaturation  curves  for  PERI  COIL- 1  at  pH  7. 0  with  or  without  J.OM  NaCl. 

Proline  in  a  helix  creates  a  bend  in  the  conformation  [5].  Consecutive  helical 
blocks  are  connected  with  prolines.  Each  block  is  arranged  to  form  amphiphilic 
orientation  with  leucines  along  one  face  and  glutamic  acids  along  the  opposite 
face.  The  helices  are  designed  to  fold  into  a  noncovalently  bonded  dimer  with 
hydrophobic  interactions  between  them,  and  with  the  helices  running  in  an¬ 
tiparallel  direction.  With  this  packing  arrangement,  the  two  helices  describe  a 
spiral  like  the  DNA  double  strand  with  grooves  like  a  major  and  a  minor  groove 
(Fig.  I).  Hydrophobic  interaction  between  the  peptides  should  be  quite  important 
for  folding  into  the  helical  structure,  since  each  peptide  loses  hydrogen  bonds 
at  proline  residues  so  that  the  helical  conformation  becomes  unstable  in  itself. 
The  same  kind  of  folding  motifs  with  hydrophobic  interactions  are  seen  in  the 
design  of  four-helical  bundle  [1]  or  of  a-helical  coiled  coils  [3,4]. 

Results  and  Discussion 

PERI  COIL-1  was  synthesized  by  SPPS.  At  room  temperature  (~20°C),  the 
peptide  shows  a  significant  helix  content  at  pH  3.4  (Fig.  2),  and  no  dependence 
of  helical  content  on  peptide  concentration  was  observed  at  a  concentration 
higher  than  30  *tM.  The  molecular  weight  of  the  peptide  determined  by  size- 
exclusion  chromatography  with  Sephadex  G-75  was  about  12000,  which  is 
approximately  four  times  larger  than  the  value  calculated  from  the  amino  acid 
composition  of  the  monomer,  shows  that  the  peptide  preferentially  forms 
tetramer. 

In  order  to  investigate  the  nature  of  the  stabilizing  forces  within  each  tetramer, 
the  temperature,  pH  and  salt  concentration  dependence  of  the  helical  content 
were  examined.  Thermal-denaturation  curves  followed  by  -[0]2;2  at  pH  7.0  showed 
the  existence  of  stable  conformation  in  aqueous  solution  stabilized  through 
intermolecular  interactions  even  at  -90°C  (Fig.  3).  Figure  4  illustrates  this  pH 
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Fig.  4.  pH  titration  curves  for  PERI  COIL- 1  at  5.  2CPC.  The  peptide  concentration  is  50  pM. 

dependence  of  helix  content  as  monitored  by  -[0]222.  At  5°C,  the  helix  content 
shows  a  transition  and  reaches  a  plateau  for  pH  below  4.0.  This  pH  value  is 
nearly  equal  to  the  apparent  pK  value  of  glutamic  acid,  and  suggests  that  titration 
of  glutamic  acid  affects  the  helical  formation  [2].  NaCl  also  stabilize  the  helical 
conformation  by  screening  the  charges  of  ionized  residues.  Below  20°C  at  pH 
7.0  where  glutamic  acids  were  negatively  charged,  helix-coil  transition  was  clearly 
observed  with  an  increase  of  NaCl  concentration.  In  the  presence  of  50%  (v/v) 
TFE,  the  peptide  had  the  same  helical  content  as  in  aqueous  solution. 
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Introduction 

Echistatin,  a  49  amino  acid  peptide  first  isolated  from  the  venom  of  the  viper 
Echis  carinatus  [1],  is  a  member  of  the  disintegrin  family  of  peptides  that  interact 
with  integrin-type  receptors  through  an  Arg-Gly-Asp  (RGD)  sequence  [2].  These 
receptors,  which  comprise  a  superfamily  of  transmembrane,  heterodimeric 
molecules,  are  critical  for  cell-cell  interaction  and  adhesion.  Although  numerous 
low  molecular  weight  RGD-containing  peptides  that  bind  specifically  and  with 
high  affinity  to  integrin-type  receptors  have  now  been  isolated  [3],  little  is  known 
about  the  molecular  mechanisms  of  action  or  their  tertiary  structure.  To  better 
understand  the  overall  conformation  of  echistatin  and  the  constraints  imposed 
by  the  tertiary  structure  on  the  critical  RGD  sequence,  we  have  examined  the 
'H  NMR,  circular  dichroic,  fluorescence  and  Raman  spectral  properties  of  this 
peptide  and  close  analogs  in  solution. 

Results  and  Discussion 

In  the  far-UV  CD  spectrum  of  echistatin  in  H20,  an  isodichroic  point  appears 
at  217  nm  between  7°C  and  about  40°C.  Further  heating  to  72°C  results  in 
a  new  isodichroic  point  at  195  nm.  The  conformational  changes  associated  with 
the  first  isodichroic  point  at  217  nm  are  reversible,  whereas  the  changes  at  higher 
temperatures  are  not.  Consequently,  all  'H  NMR  experiments  were  performed 
between  22°C  and  32°C.  Possible  structures  for  echistatin  [4]  were  calculated 
using  distance  constraints  derived  from  NOESY  spectra  recorded  with  mixing 
times  between  40  and  200  ms.  The  disulfide  crosslinks  between  the  cysteine 
pairs  2/11  and  20/39  were  established  from  NOEs  detected  for  both  pairs  and 
by  chemical  and  enzymatic  degradation  studies.  The  four  remaining  cysteine 
residues  were  found  to  be  located  in  close  spatial  proximity,  preventing  an 
unambiguous  identification  of  the  correct  set  of  crosslinks.  Nevertheless,  all 
calculations  converged  to  the  same  global  fold.  The  best  structures  for  echistatin 
with  the  four  uncertain  cysteines  paired  as  7/32  and  8/37  or  7/37  and  8/32 
are  shown  in  Fig.  1 . 

The  solution  structure  of  echistatin  appears  as  a  bundle  of  loops  containing 


383 


J.  T.  Pel  ton  et  al. 


Fig.  1.  Structure  of  the  backbone  of  echistatin  calculated  by  DISMAN.  Eight  structures  are  shown 
for  disulfide  pair  arrangement  a )  7/32.  8/37:  b)  7/37.  8/32. 


little  regular  secondary  structure.  This  is  supported  by  the  CD  studies  which 
show  no  evidence  of  a-helical  structure  at  222  nm  and  a  strong  negative  band 
below  190  nm,  consistent  with  considerable  turn  structure.  The  main  recognition 
site  for  glycoprotein  (the  RGD  sequence)  is  located  in  a  mobile  loop  that  protrudes 
from  the  central,  rigid  part  of  the  molecule.  While  the  conformation  of  this 
region  of  the  molecule  is  not  affected  by  the  uncertainty  in  disulfide  pairing, 
inspection  of  the  models  indicates  that  the  Phe13  side  chain  would  be  located 
3-4  A  from  a  disulfide  bond  if  the  pairing  is  7/32,  8/37  but  greater  than  6 
A  for  the  opposite  arrangement.  Substitution  of  Phe13  with  the  fluorescent  amino 
acid  tryptophan  was  made  to  further  elucidate  the  conformation  of  the  peptide 
in  this  region. 

[Trpi3]Echistatin  and  [Trp13,  Phe31]echistatin  were  synthesized  by  standard 


Table  1  Fluorescence  quantum  yields  and  emission  maxima 


Compound 

$*T*r 

<J>bTrp 

TrpA'm 

Echistatin 

0.032  ±0.002 

[Trp|3]Echistatin 

0.018  ±  0.001 

345 

0.028  ±0.002 

0.018±0.001c 

345 

[Trpl3,Phe3l]Echistatin 

0.0I9±0.00I 

345 

[Trpl3.Phe3l]Echistatin 
reduced  with  1  mM  DTT  at  2°C 

0.055  ±0.003 

345 

1  Relative  to  the  quantum  yield  of  tyrosine  in  water.  pH  6;  excitation  wavelength  278  nm. 
h  Relative  to  the  quantum  yield  of  tryptophan  in  water.  pH  6;  excitation  wavelength  295  nm. 
c  Tryptophan  quantum  yield  for  excitation  wavelength  278  nm,  based  on  the  absorption  at  278 
nm  due  only  to  tryptophan. 
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solid-phase  peptide  synthesis  and  purified  by  a  combination  of  gel  filtration 
and  RPHPLC.  As  with  echistatin  itself,  two  isodichroic  points  (ca  210  nm  and 
196  nm)  were  observed  in  the  far  UV  CD  spectrum  of  both  peptides  as  a  function 
of  temperature.  In  addition,  the  biological  activities  of  echistatin,  [Trp13]echistatin 
and  [Trp13,  Phe3i]echistatin  in  a  standard  human  platelet  aggregation  assay  were 
similar  at  34. 1  ±  4.5  nM,  46.6  ± 6.7  nM  and  54.2  ±  3.2  nM,  respectively. 

The  fluorescence  quantum  yiolds  and  emission  maxima  for  the  peptides  are 
given  in  Table  1.  The  fluorescence  emission  maxima  for  tryptophan  (345  nm) 
indicates  that  the  indole  ring  is  completely  exposed  to  water  in  both  peptides. 
In  both  analogs,  substantial  quenching  of  tryptophan  fluorescence  is  observed: 
treatment  of  [Trp13,  Phe31]echistatin  with  dithiothreitol  (DTT)  results  in  a 
considerable  increase  in  tryptophan  fluorescence,  consistent  with  location  of  Trp13 
near  to  a  disulfide  bond  and  supporting  assignment  of  the  uncertain  cysteine 
linkages  as  7/32  and  8/37. 

Fluorescence  energy  transfer  (FET)  between  Tyr31  and  Trp13  was  also  examined. 
The  Forster  critical  distance  R0  was  calculated  using  the  equation 

Ro  =  [(8.79x  10-25)  (k2  4,0  Jad  n^)]1/6 

where  a  value  of  2/3  is  used  for  the  orientation  factor  k-,  jad  =  4.8x  1016  1VH 
cm6  and  the  refractive  index  was  1.4.  The  quantum  yield  of  the  donor  tyrosine 
in  the  absence  of  transfer  was  determined  in  echistatin  (Table  1).  The  calculated 
Forster  critical  distance  R0  is  11.6  ±0.1  A.  No  significant  FET  could  be  detected 
by  either  tyrosine  donor  fluorescence  quenching  ( <  15%)  or  relative  fluorescence 
enhancement  tor  the  tryptophan  acceptor.  ThN  indicates  that  Tvr31  and  Trp13 
are  separated,  on  average,  more  than  15  A  from  each  other,  in  agreement  with 
the  model  obtained  from  the  distance  geometry  calculations  (ca.  17  A). 

References 

1.  Gan,  Z.-R,,  Gould,  R.J..  Jacobs,  J.W.,  Friedman.  P.A.  and  Polokoff.  M.A..  J.  Biol.  Chem.. 
263(1988)  19827, 

2.  Garsky.  V.M.,  Lumma,  P.K.,  Freidinger.  R.M.,  Pitzcnberger,  S.M.,  Randall.  W.C.,  Veber. 
D  F  .  Gould.  R.J.  and  Friedman,  P.A.,  Proc.  Natl.  Acad.  Sci.  U.S.A..  86(1989)4022. 

3.  Gould.  R.J..  Polokoff,  M.A..  Friedman.  P.A..  Huang,  T-F..  H^'t,  J.C..  Cook.  J  J.  and 
Niewiarowski,  S.,  Proc.  Soc.  Expt.  Biol.  Med..  195(1990)  168. 

4.  Saudek,  V..  Atkinson,  R.A.  and  Pelton,  J.T..  Biochemistry,  (1991)  in  press. 


385 


A  molecular  model  of  angiotensin  II  for  rational  design  of 
small  antagonists  with  enhanced  potency 


J.M.  Samanen3,  J.  Weinstockb,  J.C.  Hempelc,  R.M.  Keenanh,  D.T.  Hillb, 
E.H.  Ohlsteind,  E.F.  Weidleyd,  N.  Aiyaf*  and  R.  Edwardsd 

Departments  ofaPeptidomimetic  Research.  hMedicinal  Chem..  '  Physical/ Structural 
Chemistry  and  J Pharmacology,  SmithKline  Beecham  Pharmaceuticals. 

King  of  Prussia.  PA  19406.  U.S.A. 


Introduction 

The  benzylimidazole  1  (Fig.  i)  was  one  of  the  first,  albeit  weak,  nonpeptide 
ANG  II  antagonists  [1],  We  recently  described  the  use  of  an  ANG  II  molecular 
model.  Model  II,  Fig.  2,  as  a  template  for  modifying  1  and  for  suggested  appendage 
of  certain  binding  groups  in  ANG  II  onto  1  [2].  Through  this  design  process 
SK  &  F  108566  6,  Table  1,  was  discovered  with  40000  x  greater  affinity  and 
13000  x  greater  in  vitro  potency  than  1.  In  fact,  the  in  vitro  potency  and  affinity 
of  6  surpasses  that  of  saralasin  [Sar1,  Ala8]ANG  II  [2],  This  paper  further 
elaborates  upon  the  development  and  utilization  of  the  ANG  II  template  Model 
II. 

Results  and  Discussion 

The  thousand  fold  greater  affinity  of  ANG  II  over  1  could  be  related  to 
the  abundance  of  receptor  binding  groups  in  ANG  II.  A  design  approach  was 
sought  that  would  utilize  our  extensive  knowledge  of  ANG  II  SAR  to  suggest 
modifications  in  1  that  would  enhance  receptor  affinity.  That  approach  involved 
the  development  of  an  overlay  hypothesis ,  which  entailed  a)  initial  correlation 
of  side  chains  in  ANG  II  with  functional  groups  in  1.  b)  development  of  a 
conformational  model  of  ANG  II  which  allowed  for  the  overlay  of  1  with  ANG 
II  and  c)  identification  of  binding  groups  in  ANG  II  that  could  be  appended 
onto  1  through  evaluation  of  the  overlay.  Since  His6  modifications  reduce  activity 
in  ANG  II  agonists  and  antagonists,  an  ANG  II/benzylimidazole  overlay  aligning 
the  tetrasubstituted  imidazole  of  1  onto  the  His6  side  chain  was  not  considered  [3]. 


Fig.  I.  Benzylimidazole  t  and  ANG  II. 
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Fig.  2.  A  MG  II.  Model  1  (left)  modified  by  benzvlimidazole  /  to  give  Model  II  (right). 

The  well-known  retention  of  activity  in  ANG  II  agonists  and  antagonists  that 
lacked  an  Asp1  sidechain  carboxylate  discouraged  a  comparison  of  Asp1  with 
the  carboxylate  in  1.  Elements  of  1  were  reminiscent  of  ANG  II,  however:  2- 
Butyl  (A')-Iles  (A»);  l-(o-Cl)benzyl  (B')-Tyr1  (B»)  and  5-CH2C02H  (C')'ANG 
II  C-terminus  (C11),  Fig.  1.  Whereas  A,1-BII-C11  are  tethered  by  the  flexible 
pentapeptide  backbone  in  ANG  II,  A^B'-C1  are  limited  by  the  imidazole  ring 
in  1.  Thus,  an  ANG  II  conformation  was  sought  that  would  align  An-Bn-Cu 
with  A’-B^C1.  We  began  with  Model  I,  modified  from  Premilat  and  Maigret 
[4]  to  be  consistent  with  constrained  ANG  II  analog  SAR  [5]  and  minimized 
via  ECEPP  (courtesy  of  Dr.  Frank  Momany),  Fig.  2.  Manual  manipulation 
of  Model  I,  followed  by  flexible  fit  (MAXIMIN,  SYBYL,  Tripos  Associates) 
to  bring  All-B11-C11  in  ANG  II  into  a  three-dimensional  array  similar  to  A1- 
B^C1  in  benzvlimidazole  1,  gave  Model  II  in  an  overlay  with  1,  Fig.  2,  while 
retaining  consistency  with  constrained  ANG  II  analog  SAR  [5].  Model  II  was 
then  employed  to  design  analogs  of  1.  Model  II  suggested  conformationally 
restricted  carboxylate  group  extension  in  1.  e.g.  5-CH  =  CHCCKH  in  analog 
3,  Fig.  3,  which  displayed  enhanced  affinity  and  potency,  Table  1.  Model  II 
also  suggested  benzyl  group  appendage  a  to  C1,  which  led  to  benzylacrylate  4, 
Fig.  3,  displaying  greater  affinity  and  potency  than  acrylate  3.  The  thienyl  analog 
4  was  even  more  potent  in  all  assays.  The  design  of  arylmethyl  acrylate  analogs 


Table  1  l-Benzyl-2-butylylimidazole  analogs 


No.  Subst.  1 

Subst.  4  Substituent  5 

rabbit 

aortaJ 

IC50(mM) 

binding 

(Mes)b 

ID<o(mg/kg) 

ANG  II-rat‘ 

1  -(o-Ci)Bn 

-Cl  -CH2C02H 

2.70 

43.0 

30.0 

2 

-H  -CH2CCbH 

1.90 

12.0 

22.5 

3 

-CH  =  CHC02Hd 

0.81 

8.9 

15.0 

4 

-CH  =  C{Bn)C02Hd 

0.064 

2.60 

14.0 

5 

-CH  =  C(CH2Thi)CO->Hd 

0.051 

0.44 

3.60 

6  -<p-CO;H)Bn 

-CH  =  C(CH2Thi)CO-»HJ 

0.00021 

0.001 

0.08 

J  Inhibition  of  ANG  II  induced  rabbit  aorta  constriction. 
b  Inhibition  of  l25I-ANG  II  binding  to  rat  mesenteric  membranes. 

IV  Inhibition  of  ANG  II  pressor  response  in  conscious  normotensive  rats.  N  =  3-5Jt. 
J  Trans. 
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Fig.  J.  ANG  II.  Model  II  overtaxed  with  henzylimidazoles  I.  4.  and  6. 


of  benzylimidazole  1  is  a  rare  instance  where  molecular  modeling  of  a  nonpeptide 
with  a  peptide  led  directly  to  analogs  of  the  nonpeptide  with  enhanced  activity. 
Modifications  to  the  chlorobenzvl  group  in  5  led  to  the  (p-C03H)Bzl  analog 
6,  with  a  dramatic  enhancement  in  activity.  Model  II  can  be  modified  to  overlay 
the  p-OH  of  Tvr1 2 3 4 5  with  the  p-C03H  of  6,  Fig.  3.  (Tvr4  *'  -139°  to  -88°).  SAR 
correlation  between  ANG  II  and  benzylimidazoles  is  under  examination.  The 
present  data  proves  neither  the  overlay  hypothesis,  nor  Model  II.  as  a  bioactive 
conformation.  Nevertheless,  Model  II  is  a  working  hypothesis  and  template  that 
has  served  the  chemist  well  in  the  design  of  potent  nonpeptide  ANG  II  antagonists. 
Success  with  Model  II  suggests  that  comparison  of  peptide  with  nonpeptide 
ligands  can  be  a  fruitful  component  of  the  peptidomimetic  design  process. 
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Introduction 

Knowledge  of  the  entire  set  of  low-energy  conformers  of  a  bioactive  peptide 
s  can  be  very  helpful  in  the  design  of  analogs  with  the  conformational  space  limited 

to  a  few  of  the  available  low  energy  conformations  only.  We  have  performed 
systematic  energy  calculations  employing  the  ECEPP  force  field  [1,2]  for  a- 
melanotropin  (a-MSH,  Ac-Ser‘-Tyr2-Ser3-Met4-Glu5-His6-Phe7-Argg-Trp9-Gly10- 
Lysll-Pro12-Val,3-NH2)  and  its  highly  potent  analog  [D-Phe7]-a-MSH  [3].  The 
calculations  have  found  71  low  energy  backbone  conformers  for  a-MSH  and 
74  for  [D-Phe7]-a-MSH.  These  structures  were  then  compared  with  each  other 
for  similar  geometrical  shapes  of  backbone  conformers  for  His-L/D-Phe-Arg- 
Trp,  the  'message  sequence’  of  a-MSH/[D-Phe7]-a-MSH.  Two  conformers  were 
regarded  as  similar  when  the  corresponding  rms  value  was  less  than  1  A  for 
the  Cartesian  coordinates  of  all  C"  and  C#  atomic  centers  of  the  ‘message 
sequence’.  The  comparison  revealed  the  existence  of  four  different  types  of  low- 
energy  backbone  conformations  for  the  5-11  fragment  of  [D-Phe7]-a-MSH,  each 
with  different  geometrical  shapes,  one  of  them  being  common  both  to  [D-Phe7]- 
a-MSH  and  a-MSH  (see  Table  1).  The  -y-carboxyl  of  Glu5  and  the  e-amino 
group  of  Lys11  residues  can  be  placed  in  close  proximity  in  all  four  conformations, 
suggesting  the  possibility  of  ring  closure  between  these  two  moieties.  To  stabilize 
each  of  the  four  conformers  separately,  the  following  cyclic  analogs  were  designed: 

X-Asp-His-D-Phe-Arg-Trp-Ala-Lys-NH2  (1);  X-Asp-His-D-Phe-Arg-Trp-Aib-Lys 

-NH2  (2);  X-Asp-His-D-Phe-Arg-Trp-Sar-Lys-NH2  (3);  and  X-D-Asp-His-D-Phe- 

Arg-Trp-Ala-Lys-NH2  (4);  where  X  =  Ac,  Ac-Nle. 


Table  1  Geometrically  different  types  of  backbone  conformation  for  fragment  5-11  of 
[t>-Phe7]-a-MSH 


Type 

Glu 

His 

DPhe 

Arg 

Trp 

Gly 

Lys 

d> 

b 

<t> 

<t> 

ili 

<t> 

ill 

<t> 

ib 

<b 

ib 

<f> 

ib 

1 

-70 

-30 

-65 

-57 

-51 

-42 

-86 

86 

-77 

-23 

-73 

84 

-155 

74 

(a-MSH) 

-73 

-45 

-61 

-38 

-77* 

-25“ 

-72 

94 

-92 

-28 

-78 

78 

-151 

74 

II 

-84 

-37 

-70 

117 

85 

18 

-99 

142 

-69 

136 

74 

101 

62 

76 

III 

-155 

121 

-68 

149 

51 

-120 

-162 

86 

-97 

-15 

-166  - 

159 

50 

76 

IV 

-75 

-62 

50 

52 

112 

-55 

-164 

139 

-59 

-51 

-77 

108 

-152 

75 

*  Dihedral  angle  values  for  L-Phe. 
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Table  2  Biological  testing  data  for  cyclo(5-ll)  desfSer1.  Tyr2,Sers,Pron,  Val13)  [ Nle 4]a- 
MSH  analogs 


No 

Analog 

Relative 

potency* 

1 

1 - 1 

Ac  -  Nle  -  Asp  -  His  -  D-Phe  -  Arg  -  Trp  -  Ala  -  Lys  -  NH2 

0.917 

2 

Ac  -  Nle  -  Asp  -  His  -  D-Phe  -  Arg  -  Trp  -  Aib  -  Lys  -  NH2 

1.00 

3 

Ac  -  Nle  -  Asp  -  His  -  u-Phe  -  Arg  -  Trp  -  Sar  -  Lys  -  NH2 

0.005 

4 

Ac  -  Nle  -  o-Asp  -  His  -  n-Phe  -  Arg  -  Trp  -  Ala  -  Lys  -  NH2 

0.001 

5 

Ac  -  Nle  -  Asp  -  His  -  L-Phe  -  Arg  -  Trp  -  Ala  -  Lys  -  NH2 

0.016 

6 

Ac  -  Nle  -  Asp  -  His  -  D-Phe  -  Arg  -  D-Trp  -  Ala  -  Lys  -  NH2 

0.48 

7a 

Ac  -  Nle  -  Asp  -  His  -  o-Phe  -  Arg  -  Trp  -  Aib  -  i»-Lys  -  NH2 

0.008 

7b 

Ac  -  Nle  -  Asp  -  His  -  D-Phe  -  Arg  -  Trp  -  Sar  -  D-Lys  -  NH2 

0.001 

1  Relative  to  a-MSH  =  1.0 


Results  and  Discussion 

The  designed  analogs  were  synthesized  by  solid  phase  procedures  and  were 
tested  for  melanotropic  activity  in  vitro  on  frog  skin.  Several  other  cyclic  analogs 

including  X-Asp-His-Phe-Arg-Trp-Ala-Lys-NH;.  (5),  X-Asp-His-D-Phe-Arg-D- 

Trp-Ala-Lys-NHi  (6),  and  X-Asp-His-D-Phe-Arg-Trp-Aib/Sar-D-Lys-NH2  (7); 
X  =  Ac  or  Ac-Nle  were  synthesized  and  tested  too.  The  results  of  biological 
testing  indicate  that  cyclic  compounds  (1),  (2)  and,  to  some  extent  (6),  can  be 
regarded  as  biologically  potent  while  all  other  analogs  have  very  weak  potency 
(Table  2).  The  dose-response  curves  for  all  cyclic  analogs  are  parallel  to  that 
of  a-MSH  itself,  and  all  analogs  can  elicit  the  full  biological  response,  and  thus 
differ  mainly  in  their  ED50  values. 

Though  analogs  (1)  and  (5)  presumably  have  similar  conformations,  both  being 
designed  to  stabilize  the  structure  of  type  I  which  is  common  for  the  biologically 
active  [D-Phe7]-a-MSH  and  a-MSH  itself  (see  Table  1),  their  biological  activities 
are  drastically  different.  This  can  best  be  explained  by  conformational  consi¬ 
derations  (see  [4]).  Conformational  factors  also  are  important  for  analogs  with 
D-Phe.  Thus  we  have  performed  additional  energy  calculations  which  found 
several  low  energy  backbone  conformers  for  each  of  the  cyclic  analogs  (1H5)- 
These  conformers  were  then  compared  to  the  four  types  of  [D-Phe7]-a-MSH 
structure  (Table  1)  using  the  same  rms  criterion  as  described  above.  It  appeared 
that  all  five  analogs  ( 1  )-(5)  possess  low  energy  backbone  conformations  geome¬ 
trically  similar  to  the  structure  of  type  I  described  in  Table  1.  Analogs  (1)  and 
(2)  have  conformers  similar  to  the  structure  of  type  II,  analogs  (3)  and  (4)  are 
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big.  /.  Suggested  binding'  (a)  and  ‘transduction  th)  conformations  ot  a-MSH  'message  sequence’ 
ill  hvdrogen  atoms  are  omitted. 


compatible  to  the  structure  of  type  111.  and  only  one  analog  (2)  has  conformers 
similar  to  the  structures  of  type  IV.  Only  two  analogs.  (1)  and  (2).  out  of  the 
five  in  question  are  potent,  and  they  are  the  ones  that  possess  low  energy 
conformers  compatible  to  structures  of  both  types  1  and  II. 

Thus  we  hypothesize  that  to  be  highly  active,  an  analog  of  a-MSH  should 
contain  a  ‘message  sequence’  capable  of  adopting  backbone  structures  of  both 
types  I  and  II.  This  suggestion  is  further  supported  by  energy  calculations 
performed  for  the  cyclic  analog  (6)  that  contains  n-Trp  residue  instead  of  u-Trp. 
This  biologically  potent  analog  also  was  found  to  possess  low  energy  backbone 
structures  compatible  with  structures  of  types  I  and  II. 

Conclusions 

Because  all  potent  and  weakly  potent  cyclic  analogs  display  full  biological 
responses,  it  can  be  assumed  that  it  is  possible  for  all  them  to  adopt  a  particular 
conformation  involved  in  the  transduction  step.  Indeed,  we  showed  that  a 
conformation  of  type  I  is  common  to  all  of  them.  At  the  same  time  the  differences 
between  potent  and  weakly  potent  analogs  are  in  their  affinities  towards  receptors. 
This  suggests  that  these  differences  occur  primarily  at  recognition/binding  steps. 
Again,  we  showed  that  only  the  conformer  of  type  II  is  compatible  with  the 
low  energy  structures  of  potent  analogs  but  not  of  weakly  potent  ones.  These 
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findings  suggest  that  these  two  structure  types  of  the  ‘message  sequence’  are 
of  special  importance  for  the  binding  (type  II)  and  the  transduction  (type  I) 
steps  of  interaction  with  a-MSH  receptors  in  frog  skin.  Both  conformers  of 
the  ‘message  sequence’  are  depicted  in  Fig.  1.  It  is  noteworthy  that  a  confor¬ 
mational  transition  between  these  conformers  is  possible  by  rotation  of  two 
peptide  bond  planes,  namely  the  His-L/D-Phe  and  L/D-Phe-Arg  bonds,  one  by 
ca.  1 50  and  another  by  ca.  40  degrees.  The  rotations  of  such  kind  could  presumably 
occur  in  more  flexible  linear  peptides  like  a-MSH  itself,  but  they  might  be  hindered 
in  constrained  cyclic  peptides.  This  might  be  one  of  the  reasons  for  the  low 
potency  of  the  cyclic  analog  with  L-Phe  which  is  restricted  only  to  one  type 
of  conformers  (type  I),  compared  with  the  high  potency  of  cyclic  analogs  with 
D-Phe  having  low  energy  structures  of  both  types  I  and  II  types. 
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Introduction 

Members  of  a  family  of  guanine  nucleotide-binding  regulatory  proteins  (G 
proteins)  serve  as  membrane-bound  transducers,  coupling  the  activation  of 
receptors  to  intracellular  macromolecular  effectors  (reviewed  in  [1]).  G  proteins 
are  oligomers  of  three  subunits:  a  guanine  nucleotide-binding  a  subunit  (39- 
52  kDa),  a  35  kDa  13  subunit,  and  a  5-10  kDa  y  subunit  that  is  associated 
with  13.  G  proteins  are  activated  by  binding  GTP,  and  activation  is  terminated 
when  the  bound  GTP  is  hydrolyzed  to  GDP.  Receptors  promote  the  activation 
of  G  proteins  by  catalyzing  the  replacement  of  GDP  by  GTP. 

Mastoparan  also  catalyzes  GDP/GTP  exchange.  It  does  so  at  submicromolar 
Mg2+  concentrations  and  does  not  alter  the  rate  of  hydrolysis  of  bound  GTP. 
Its  action  is  blocked  by  pertussis  toxin-catalyzed  ADP-ribosylation  of  the  G 
protein  a  subunit,  and  is  enhanced  by  the  presence  of  (3y  subunits  and  by  the 
reconstitution  of  G  proteins  into  vesicles  [2,3].  Mastoparan-promoted  GDP/ 
GTP  exchange  is  thus  very  similar  to  exchange  promoted  by  G  protein-coupled 
receptors.  Mastoparan  also  competes  with  receptors  for  binding  to  G  proteins 
[3].  Mastoparan  forms  an  amphiphilic  a  helix  when  it  binds  to  phospholipid 
membranes  and  presents  four  positive  charges  to  the  aqueous  face  [4],  The  sites 
on  the  second  and  third  cytoplasmic  loops  of  receptors  that  are  thought  to 
interact  with  G  proteins  are  also  positively  charged  and  near  the  membrane 
surface  (reviewed  in  [5]).  Based  on  these  data,  it  seems  likely  that  mastoparan 
mimics  the  G  protein-binding  domain  on  receptors  and  binds  to  G  protein  a 
subunits  at  their  receptor-binding  sites  [3]. 

This  report  describes  the  cross-linking  of  a  mastoparan  analog  to  a  unique 
site  on  the  a  subunit  of  G0  (ac)  through  a  disulfide  bridge.  It  is  likely  that 
the  site  of  cross-linking  forms  a  part  of  a  specific  mastoparan-binding  site,  which 
may  also  be  the  receptor-binding. 

Results  and  Discussion 

[Tyr3,  Cysu]mastoparan  ([Y,C]MP)  was  synthesized  and  shown  to  have 
regulatory  activity  similar  to  that  of  mastoparan  when  assayed  in  the  presence 
of  DTT  (reducing  reagent).  Activation  by  [Y,C]MP  in  the  absence  of  DTT  was 
complex  in  its  kinetics.  These  complex  effects  could  be  rationalized  by  considering 
that  [Y,C]MP  and  G0  form  a  covalent  adduct  that  can  be  cleaved  by  DTT. 

To  detect  covalent  crosslinking,  G0  and  [l25I-Tyr,  Cys]MP  were  incubated 
under  ambient  atmosphere  at  30°C.  Samples  of  the  reaction  mixture  were  analyzed 
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CB  X*  3'  30’  16h  10'  10'  10' 

+MP  (/iM)  1  100 

Em.  /  rime  course  of  X-linkinp  nil''  E  K  ('IMP  to  (i  and  inhibition  hi  <  old  \IP 

by  SDS  gel  electrophoresis  after  the  addition  of  5  mM  NEM  to  inhibit  subsequent 
thiol-disulfide  exchange.  Autoradiography  of  the  gel  showed  that  the  a  subunit 
of  G„  was  selectively  labeled  by  [I-Y,C]MP  (Fig.  1).  Labeling  of  was  time- 
dependent  and  was  inhibited  completely  by  100  jiM  mastoparan,  but  was  not 
significantly  inhibited  by  1  /aM  mastoparan.  This  concentration  dependence  is 
consistent  with  the  relatively  high  EC?0  displayed  by  mastoparan  in  0.1%  Lubrol. 
Labeling  was  also  inhibited  by  inclusion  of  5  mM  DTT.  Although  (iy  subunits 
of  G„  were  not  labeled  by  [f-Y.C]MP.  (iy  subunits  enhanced  the  labeling  of 
the  «  subunit  by  3-5  fold  (Fig.  2).  The  efficiency  of  labeling  was  dependent 
on  the  identity  of  the  nucleotide  bound  to  G  ,.  and  the  non-hydrolyzablc  GTP 
analog.  GTP7S.  inhibited  the  labeling  by  60-80%.  Such  inhibition  is  consistent 
with  the  observation  that  GTPYS-bound  dissociates  from  (iy  subunits.  Two 
silver-stained  bands  of  o,  were  detected  after  erosslinking.  The  upper  band, 
which  was  more  than  50%  of  total  a  ,  under  optimal  labeling  conditions, 
corresponded  to  the  l2?I-!abeled  band  on  the  autoradiogram.  These  data  suggest 


0  ♦CNBr 


afly 


4-CNBr 


MW 


Em.  luloradiographv  of  X-imked  adduct  of  ( ::'I-Y.C  (MP  to  «,  (  rtf',)  after  and  before  CXRr- 
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that  [I-Y,C]MP  crosslinked  to  only  one  site  on  aQ.  In  fact,  CNBr-hydrolysis 
of  the  crosslinked  G0  (or  a0)  produced  a  single  major  labeled  peptide  of  -6 
kDa  when  the  hydrolysate  was  analyzed  by  gradient  SDS-PAGE. 

To  identify  the  site  of  [I-Y,C]MP  labeling  on  aQ,  the  [l25I-Y,C]MP-labeled 
CNBr  fragment  was  purified  in  larger  quantity  by  RPHPLC  and  gradient  SDS- 
PAGE.  After  the  transfer  to  PVDF  paper,  the  6  kDa  labeled  band  (Fig.  2) 
was  cut  out  and  subjected  to  automated  amino  acid  sequencing.  This  labeled 
fragment  of  bovine  brain  a0  produced  the  amino  acid  sequence  corresponding 
to  [I-Y,C]MP  with  reasonable  yield  and  no  sequence  from  a0.  The  N-terminal 
residue  of  a0  from  brain  is  blocked  by  N-myristoylation.  When  we  analyzed 
a  similar  labeled  fragment  from  recombinant  G0a,  whose  N-terminal  is  not 
blocked,  the  residues  detected  in  the  sequenator  corresponded  reasonably  well 
to  those  predicted  for  an  equimolar  mixture  of  [I-Y,C]MP  and  the  amino-terminal 
CNBr  fragment  of  a„,  which  begins  at  Gly2.  This  CNBr  fragment  of  a0  (molecular 
mass  of  5.46  kDa)  contains  only  1  Cys  residue,  the  second  residue  from  the 
amino-terminal  Gly. 

To  determine  the  importance  of  the  amino  terminus  of  aQ  on  its  activation 
by  mastoparan,  we  prepared  a  37  kDa  tryptic  fragment  of  a0  that  lacks  an 
N-terminal  2  kDa  peptide  [6].  The  GTPase  activity  of  amino-terminally  pro- 
teolyzed  a0  was  insensitive  both  to  stimulation  by  mastoparan  and  to  inhibition 
by  (ly  subunits.  No  response  to  mastoparan  was  observed  at  concentrations 
up  to  100  in  either  the  presence  or  absence  of  j3y  subunits.  In  parallel 
experiments,  intact  aQ  displayed  both  these  expected  responses.  The  unrespon¬ 
siveness  of  proteolyzed  aQ  to  mastoparan  is  consistent  with  the  importance  of 
the  amino  terminus  for  regulation  by  mastoparan. 

Receptors  have  been  assumed  to  bind  to  a  site  on  G  proteins  near  the  carboxyl 
terminus  of  the  a  subunit  [1],  Mastoparan  action  also  involve  carboxyl-terminal 
structures,  because  the  ADP-ribosyiation  by  pertussis  toxin  occurs  at  the  C- 
terminal  part  of  a0.  Our  data  indicate  that  the  mastoparan-binding  region  of 
G  protein  a  subunits  consists  minimally  of  an  amino-terminal  sequence,  but 
do  not  exclude  the  involvement  of  a  carboxyl-terminal  region  as  well.  In  fact, 
several  observations  suggest  that  the  amino  and  carboxyl  termini  may  lie  close 
together  [7],  The  observation  that  fly  subunits  enhanced  the  crosslinking  of 
[I-Y,C]MP  to  a0  suggests  that  binding  sites  for  mastoparan  (and  for  receptor) 
and  0y  subunits  are  closely  linked,  at  least  for  function. 
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Introduction 

Motilin  (Mot),  first  isolated  in  1967  from  porcine  duodenal  extracts  [1],  is 
a  linear  peptide  of  22  amino  acid  residues  (H-Phe'-Val-Pro-Ile-Phe5-Thr-Tyr- 
Gly-Glu-Leu10-Gln-Arg-Met-Gln-Glul5-Lys-Glu-Arg-Asp-Lys20-Gly-Gln-OH). 
The  peptide  is  present  in  endocrine  cells  of  the  gastrointestinal  mucosa  of  a 
number  of  species,  including  man.  Under  normal  physiological  conditions,  motilin 
regulates  fasting  gastrointestinal  motility  by  initiating  phase  III  of  the  migrating 
motor  complex  (MMC)  [2]. 

The  present  studies  were  undertaken  to  obtain  detailed  information  on  the 
relationship  between  structure  and  activity  in  motilin  through  systematic  in¬ 
vestigation  of  the  binding  and  contractile  activities  of  N-terminal.  C-terminal. 
and  internal  peptide  fragments.  Identification  of  the  bioactive  portion  of  motilin 
should  lead  to  a  better  understanding  of  hormone-receptor  interaction  and  to 
development  of  more  active  peptide  or  non-peptide  agonists  and  antagonists. 

Results  and  Discussion 

Peptides  were  synthesized  by  SPPS  on  polyacrylamide/Kieselguhr  resin  em¬ 
ploying  Fmoc  continuous  flow  techniques.  Following  TFA  cleavage,  the  crude 
peptides  were  purified  by  RPHPLC  using  dual  preparative  Vydac  C!8  columns 
in  series.  Structures  were  confirmed  by  quantitative  AAA  and  FABMS. 

In  vitro  receptor  affinities  were  determined  by  displacement  of  [(125I)  Nle13]- 
porcine  motilin  from  rabbit  antral  smooth  muscle  membranes  [3].  Peptides  were 
also  tested  for  their  ability  to  elicit  contractions  of  rabbit  duodenal  smooth 
muscle  strips  [4], 

The  biological  results  (Table  1)  show  that  amino-terminal  fragments  of  about 
half  the  length  of  [Leu13]-porcine  motilin  are  full  agonists.  In  particular,  [Leu13]- 
Mot  (1-14)  was  nearly  as  potent  as  full-length  motilin  in  both  the  receptor  binding 
and  tissue  bath  assays.  Carboxy-terminal  fragments,  in  contrast,  are  largely  devoid 
of  binding  affinity  and  biological  activity.  In  fact,  only  [Leu13]-Mot  (3-22) 
possessed  significant  affinity  for  the  motilin  receptor. 

The  difference  in  activity  between  Mot  (1-9)  and  [Leul3]-Mot  (1-14)  suggested 
that  amino  acid  residues  in  the  sequence  Leul0-Gln14  play  a  key  role  in  the 
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Table  1  Potency  of  [Leu,3fporcine-motilin  fragments  in  binding  and  in  contractility 
experiments 


Fragment 

PEC50 

pICjo 

Fragment 

pEC?o 

plC<io 

N-terminal  fragments 

C-terminal  fragments 

1-5 

<4 

5.42 

16-22 

<4 

4.62 

1-7 

<4 

5.54 

15-22 

<4 

<4 

1-9 

<4 

4.41 

12-22 

<4 

<4 

1-10 

5.10 

5.21 

10-22 

5.03 

4.99 

1-11 

6.48 

6.82 

8-22 

<4 

4.16 

1-12 

6.49 

7.12 

6-22 

<4 

<4 

1-13 

6.93 

7.81 

3-22 

4.93 

6.38 

1-14 

7.55 

8.36 

Internal  fragments 

1-15 

7.33 

8.24 

7-19 

<4 

4.68 

1-16 

7.78 

8.63 

5-17 

<4 

<4 

1-19 

8.07 

9.07 

Ac-2- 14 

5.00 

5.56 

1-22 

8.13 

9.18 

2-14 

<4 

5.35 

3-14 

<4 

5.01 

expression  of  agonist  activity.  Successive  removal  of  carboxy-terminal  residues 
from  [Leu13]-Mot  (1-14)  showed  that  Leu10,  Gin11,  Leu13,  and  Gin14  contribute 
significantly  to  binding  affinity  and  efficacy  (Table  1). 

Removal  of  the  amino-terminal  phenylalanine  residue  from  [Leu13]-Mot  (1- 
14)  greatly  reduced  agonist  activity,  indicating  the  importance  of  this  residue 
in  receptor  binding  and  transduction. 

This  study  used  both  receptor  binding  (IC50)  and  tissue  bath  assays  (EC50) 
to  define  the  bioactive  region  and  determine  the  role  of  specific  residues  in 
porcine  motilin.  All  the  requisite  information  for  receptor  transduction  is  carried 
in  the  amino-terminal  decapeptide.  Mot  (1-10).  Residues  in  the  Glnn-Gln14 
sequence,  although  not  essential  for  agonist  activity,  are  important  in  maintaining 
potency  comparable  to  that  of  the  native  hormone.  In  contrast,  the  carboxy- 
terminal  octapeptide  plays  only  a  minor  role  in  receptor  binding  affinity. 
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Introduction 

The  preferred  method  for  introduction  of  the  aminomethylene  group  [CH2NH] 
into  biologically  active  peptides  has  been  by  the  reductive  alkylation  of  an  a- 
amino  group  with  a  protected  amino  acid  aldehyde  in  the  presence  of  s  dium 
cyanoboro hydride  [1],  a  method  which  can  lead  to  significant  racemization  during 
larger  scale  synthesis  due  to  the  instability  of  the  aldehyde  [2].  Since  the  description 
of  peptide  antagonists  of  bradykinin  (BK:  Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe- 
Arg)  in  1985  [3]  we  have  been  interested  in  modifying  individual  peptide  bonds 
in  both  agonist  and  antagonist  (those  with  a  D-Phe  residue  replacing  Pro  at 
position  7)  BK  analogs.  Over  the  past  three  years  we  have  developed  more 
rapid  and  reproducible  methods  for  the  production  of  reduced  dipeptides  for 
BK  substitution.  This  led  to  our  description  of  very  potent  BK  agonist  analogs 
containing  a  reduced  bond  between  Ser-Pro  at  positions  6-7  using  the  aldehyde 
method  to  produce  Boc-Ser[CH2N]Pro  [4],  The  new  non-aldehyde  technique 
involves  treatment  of  N-  and  C-terminal  protected  endothio-dipeptides  with 
various  desulfurizing  agents. 

The  endothio-dipeptides  were  synthesized  by  direct  thionation  of  the  N-  and 
C-terminal  protected  dipeptides  with  Lawesson’s  reagent.  The  reductive  desul¬ 
furization  of  the  thioamide  bond  with  Raney  nickel  in  dimethylformamide, 
ethanol  or  dioxane  at  room  temperature  gave  low  yields  with  side  products. 
We  modified  a  method  [5]  which  combined  the  use  of  NaBH4  with  metal  halides 
and  found  that  quite  good  results  could  be  obtained  if  the  desulfurization  was 
carried  out  in  methanol  at  room  temperature  with  a  NiCl2/NaBH4  system.  CoCl2 
and  CuCl2,  in  the  presence  of  NaBH4,  were  less  active.  During  this  work,  Guziec 
et  al.  [6]  used  NiCl2/NaBH4  reduction  in  MeOH :  THF  (1:1)  for  making  different 
protected  reduced  bond  dipeptide  esters  in  a  slightly  different  manner. 

Results  and  Conclusions 

The  yield  of  the  Lawesson's  reagent-mediated  thionation  reaction  on  the 
carboxamide  group  of  the  Boc-protected  dipeptides  varied  from  60-90%,  and 
includes  recovery  of  unreacted  dipeptide.  Desulfurization-reduction  yields  varied 
between  33-75%,  with  the  dipeptide  analog  containing  the  ar.a-disubstituted 
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Table  1  Brady kinin  analog? 


Peptide 

RUT 

GPI 

RBP-IA 

1. 

BK:  Are-Pro-Pro- Glv  - 

Phe-Ser  - 

Pro  -  Phe-Arg 

100% 

100% 

100% 

o-Arg-Arg-Pro-FIvp-Glv  - 

Phe-Ser  - 

!>-Phe  -  Phe-Arg 

6.5 

5.9 

KB) 

3. 

D-Arg-Arg-Pro-Hyp-Gtv[R]  Phe-Ser  - 

i>-Phe-  Phe-Arg 

KP) 

UP) 

1(B) 

4. 

u-Arg-Arg-Pro-Hyp-Gly  - 

Phe-Ser(Rl 

n-Phe  -  Phe-Arg 

13% 

0 

2'  / 

5. 

n-Arg-Arg-Pro-Hvp-Giv  - 

Phe-Ser  - 

i>-PhefR)Aib-Arg 

0 

0 

KB) 

6. 

n-Arg-Arg-Pro-Hyp-Gly  - 

Phe-Ser  - 

i>-Phe[R!Pro-Arg 

5.8 

6.0 

KB) 

7. 

n-Arg-Arg-Pro-Flvp-Gly  - 

Phe-Ser  - 

n-PhelR|Leu-Arg 

5.8 

6.1 

0 

8. 

i>-Arg-Arg-Pro-Hvp-Gly  - 

Phe-Ser  - 

n-Phc|  Rlllc-  Arg 

TO 

7.0 

KB) 

J  Standard  procedures  for  BK  synthesis  and  assay  on  rat  uterus  (RUT),  guinea  pig  ileum  (GPI). 
and  rat  blood  pressure  (RBP),  can  be  found  in  reference  (3).  RBP-IA  indicates  activity  following 
intraaortic  administration  in  the  RBP  assay.  |R]  =  (CFLNH1,  except  in  the  n-Phe-Pro  analog  -6 
which  lacks  a  proton.  Agonist  activity  is  given  as  per  cent  (%)  ol  BK  activity.  Antagonist  activity 
is  listed  as  the  pAi  value  and  is  underlined.  1(B)  indicates  bolus  administration.  1(P)  indicates 
weak  antagonist  action. 

amino  acid  Aib  g.ving  the  lowest  yield.  Selected  analogs  of  the  BK  antagonist 
sequence,  containing  reduced  peptide  bonds  made  by  the  method  above,  are 
listed  in  Table  1.  They  were  synthesized  by  solid  phase  methods  and  assayed 
as  described  [3], 

Modification  of  the  bond  between  t>-Phe  at  position  7  and  various  aliphatic 
residues  at  position  8  indicates  that  potent  antagonists  of  BK  action  on  smooth 
muscle  are  produced  with  bulky,  /3-branched  residues  at  position  8.  This  parallels 
the  increased  potency  observed  with  non-modified  bond  BK  analogs  containing 
/^-branched  residues  at  position  8  (Vavrek.  Gera  and  Stewart,  unpublished  data). 
However,  overall  antagonist  potency  is  generally  reduced  when  an  aminometh- 
vlene  modification  is  made  in  the  C-terminal  portion  of  potent  antagonist 
sequences. 
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Introduction 

The  glucagon-sensitive  adenylate  cyclase  signal  transduction  system  consists 
of  distinct  membrane-bound  entities;  the  receptor,  coupled  by  a  G-protein  to 
the  catalyst,  adenylate  cyclase.  Much  of  structure  activity  studies  have  concen¬ 
trated  on  modifications  of  the  29-residue  peptide  hormone  to  gain  insights  into 
ligand-receptor  interaction.  Potent  antagonists  of  the  hormone  have  resulted 
from  these  studies,  which  provide  experimental  evidence  for  the  chemical 
specificity  requirements  imposed  by  the  glucagon  receptor  on  its  ligand  [1].  These 
inhibitory  structural  analogs  may  be  useful  in  the  management  of  diabetes  mellitus 

[2] ,  because  it  is  widely  accepted  that  many  of  the  complications  that  accompany 
insulin-deficient  diabetes  are  due  to  the  unopposed  actions  of  glucagon.  Ultimately 
however,  the  glucagon  receptor  protein,  which  contains  the  complementary 
agonist  recognition  site  as  well  as  the  regions  that  activate  the  Gs  protein,  will 
hold  the  key  to  further  understanding  the  mechanism  of  glucagon  action. 

The  hepatic  glucagon  receptor  is  a  member  of  a  broad  family  of  G-protein- 
coupled  receptors  that  share  similar  sequences  particularly  in  the  seven  helices 
that  traverse  the  membrane  of  the  target  cell.  Most  of  what  is  known  about 
the  glucagon  receptor  has  come  from  photoaffinity  labeling  and  cross-linking 
studies  with  [l25I-Tyr10]monoiodoglucagon.  A  glycosylated  protein  of  approxi¬ 
mately  60-64  Kd  from  several  species  has  been  identified  on  SDS-PAGE  systems 

[3] .  Isolation  and  cloning  of  the  protein,  which  occurs  in  low  abundance,  has 
been  hampered  by  the  unavailability  of  probes  for  the  receptor  gene  as  well 
as  for  the  gene  product,  other  than  the  radiolabeled  hormone.  Recently, 
monoclonal  antibodies  directed  towards  the  protein  and  carbohydrate  moieties 
of  the  glucagon  receptor  have  been  prepared  [4].  Our  work  describes  the  chemical 
synthesis  and  characterization  of  glucagon  analogs  that  have  been  labeled  with 
fluorescein  at  specific  sites  on  the  peptide.  The  fluorescent  analogs  that  bind 
with  high  affinity  may  be  used  to  detect  the  presence  of  the  glucagon  receptor 
expressed  on  the  surface  of  a  population  of  cloned  cell  lines. 

Results  and  Discussion 

A  fluorescein  derivative  was  allowed  to  react  at  different  positions  of  the 
glucagon  molecule  to  determine  where  the  label  will  not  disrupt  receptor 
recognition  and  function.  Six  fluorescein-labeled  analogs  of  glucagon  were 
synthesized  using  SPPS,  fully  characterized  and  assayed  for  glucagon  receptor 
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Table  1  Fluorescent  analogs  of  glucagon 


Glucagon  amide 

%  Binding 
affinity 

%  Maximum 
activity 

%  Relative 
activity 

1  N°-Fluorescein 

1.40 

65.0 

0.100 

2  N“-Fluorescein.  des-His1 

1.00 

84.0 

79.4 

3  N'-FIuorescein-Lys12 

6 

86.5 

49.0 

4  Ns-Fluorescein-Orn24 

20.0 

76.0 

45.0 

5  Ns-Fluorescein-Om25 

1.00 

90.0 

18.0 

6  N'-Fluorescein-Lys29 

32.6 

100 

100 

binding  affinity  and  the  ability  to  activate  adenylate  cyclase  in  hepatocyte 
membranes  using  protocols  described  previously  (I). 

Table  1  shows  that  fluorescein  labeling  reduced  the  binding  affinities  of  the 
six  analogs.  However,  the  receptor  protein  was  able  to  tolerate  the  presence 
of  fluorescein  on  Lys29  (6),  and  on  Orn24  glucagon  amide,  (4),  which  retained 
33  and  20%  binding,  respectively,  but  not  in  5,  where  labeled  ornithine  replaced 
Trp25.  When  label  was  added  to  Lys12,  receptor  binding  was  also  partially  retained 
at  6%.  Curiously,  in  contrast  to  a  large  decrease  in  binding  affinity,  all  of  the 
analogs  exhibited  significant  agonist  activity,  and  the  capacity  to  stimulate 
adenylate  cyclase  was  sensitive  to  the  position  of  the  label.  The  fluorescein  group 
when  placed  at  the  a-amino  group  at  position  1  (1)  or  in  place  of  His1  (2), 
was  detrimental  to  binding.  In  the  case  of  1,  relative  potency  in  the  cyclase 
assay  also  decreased  1000-fold.  These  observations  only  reinforce  the  knowledge 
that  His1  provides  a  functional  group  that  contributes  to  receptor  binding  and 
transduction  of  the  hormonal  signal,  and  that  modifications  at  the  amino  terminus 
adversely  affect  binding  affinity  and  agonist  potency. 

The  availability  of  activated  fluorescent  derivatives  enables  us  to  modify 
peptides  on  specific  sites  when  bound  to  resins,  prior  to  HF.  Several  fluorescent 
labels  can  be  used  in  this  manner.  Semisynthetic  fluorescent  glucagon  derivatives 
have  been  demonstrated  to  be  useful  in  the  study  of  receptor  disposition  in 
membranes  [5].  It  is  reasonable  to  predict  that  analogs  4  and  6  can  be  used 
to  identify  E.  Coli  or  mammalian  cell  lines  that  have  expressed  the  glucagon 
receptor  protein  using  similar  methods. 
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Introduction 

In  order  to  get  an  insight  into  the  endothelin’s  (ET)  structural  requirements 
for  vasoconstrictor  activity,  a  series  of  analogs  was  synthesized  by  SPPS,  using 
the  Boc-benzyl  protecting  group  strategy.  The  paper  describes  the  L-alanine  scan, 
in  which  each  non-cysteinyl  residue  was  substituted  individually  with  Ala. 
Replacement  of  Ala  would  likely  test  the  importance  of  each  side  chain 
functionality  for  receptor  contact  without  affecting  the  overall  backbone  con¬ 
formation.  As  the  same  p-methylbenzyl  protecting  group  was  used  for  all  the 
4  Cys  residues,  a  mixture  of  two  disulfide  pairings  was  obtained  during  refolding 
and  oxidation:  the  natural  (Cys1-15,  Cys3'11)  isomer  and  the  inverted  (i)  one 
(Cys1'11,  Cys3-15).  The  assignment  of  either  isomer  was  determined  by  circular 
dichroism  [1],  Relevant  physicochemical  and  biological  parameters  of  these 
analogs  are  reported  in  Table  1. 

Results  and  Discussion 

The  isomers  with  the  disulfide  pairings  of  natural  ET  were  always  the 
predominant  forms  and,  similarly  to  ET,  were  consistently  more  potent  than 
the  corresponding  inverted  ones  ( with  the  only  exception  of  the  Asp8  substitution, 
in  which  both  isomers  displayed  practically  the  same  marginal  activity  in  the 
contraction  test).  In  12  analogs  out  of  17  the  (Cys1-15,  Cys3-")  isomers  had 
higher  retention  times  in  RPHPLC,  mimicking  also  in  this  case  the  behavior 
of  ET.  The  external  loop  4-10  and  positions  2,  16  and  19  could  accommodate 
the  less  hindered  Ala  residue  as  well  as,  or  better  than,  the  native  amino-acid 
residues  (irrespectively  of  their  lipophilicity  or  positive/negative  charge)  in  the 
binding  assay,  where  most  of  the  analogs  displayed  a  higher  relative  potency 
than  in  the  test  for  agonistic  activity.  In  a  few  analogs,  non-parallelism  in  the 
competition  curve  was  observed  in  either  isomer  (positions  8,  10,  17).  In  the 
rabbit  vena  cava  test  both  [Ala10]-isomers  showed  partial  agonism,  while 
[Alal3]ET  displayed  (like  ET-3)  a  dose-response  curve  composed  of  two  phases: 
weak  constriction  at  lower  doses  and  strong  constrictions  at  higher  doses. 
[Alal2]iET  showed  a  unique  behavior,  reminiscent  of  that  of  ET-1  in  vivo  on 
blood  pressure:  slow  contractions  induced  by  each  dose  preceded  by  a  fast  dose- 
dependent  relaxation. 
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Table  1  Physicochemical  and  biological  parameters  of  i  -Ala  monosubstituted  analogs  of 
endothelin-1  (ET)  and  its  (Cys‘-U.  Cys^'^isomer  (iET) 


L-Ala 

substituted 
amino  acid 

%  Isomeric 
ratio4 

RT  (HPLC)h 

%  Bindings 

%  Contraction4 

ET 

iET 

ET 

iET 

ET 

iET 

ET 

iET 

75 

25 

19.66 

19.10 

100 

16.5 

too 

2.1 

Ser2 

75 

25 

19.88 

19.57 

100.0 

3.1 

70.0 

5.7 

Ser4 

69 

31 

19.66 

19.92 

200.0 

n.d. 

51.5 

n.d. 

Ser' 

66 

34 

20.24 

19.24 

142.0 

5.8 

24.8 

3.6 

Leub 

63 

37 

18.76 

18.57 

101.0 

30.0 

'3.0 

12.6 

Met’ 

68 

32 

18.55 

18.90 

350.0 

n.d. 

88.5 

n.d. 

Asp'1 

56 

44 

20.41 

19.24 

103.0 

1.4' 

0.8 

0.9 

l.vs4 

69 

31 

22.68 

21.92 

504.0 

12. 1 

56.0 

0.2 

Glu'11 

73 

23 

20.69 

19.60 

162.0 

20.8 

121.0 

(30%  p.a.) 

16.8 

(2°  /  p.a. ) 

Vall: 

69 

31 

19.07 

18.53 

16.2 

1.9 

29.4 

0.6' 

Tyr15 

>95 

<5 

19.08 

19.59 

0.8 

n.d. 

87. 3? 

(28%  p.a.) 

n.d. 

Phe14 

73 

27 

17.78 

18.17 

1.8 

n.d. 

8.4 

n.d. 

His16 

63 

37 

22.74 

23.40 

339.0 

21.7 

382.0 

<0.1 

Leu17 

62 

38 

17.74 

17.23 

25. 0C 

1.7' 

0.9 

0.1 

Asp"1 

73 

27 

19.42 

19.03 

50.0 

n.d. 

14.0 

n.d. 

lie14 

71 

29 

18.42 

18.05 

406.0 

<0.01 

121.0 

1.8 

Ue:o 

82 

18 

18.35 

17.97 

22.0 

n.d. 

22.5 

n.d. 

Trp:i 

67 

33 

17.84 

16.99 

0.8 

0.5 

<0.1 

<0.1 

1  Determined  by  area  integration  of  the  HPI.C  peaks  in  the  crude  reaction  product  detached  from 
the  resin.  Assignment  of  the  isomer  made  bv  circular  dichroism  or  by  unequivocal  synthesis. 
b  Determined  on  a  reverse-phase  C)K  Y'vdac  column  (0.46  •  25  cm:  5  m)  with  a  linear  gradient  of 
1 5—85^7-  buffer  B  at  a  flow  rate  of  1.5  ml/min  and  monitored  at  215  nm.  Buffer  A:  5%  CH-.CN/ 
H;0<0.045%-  TFA);  buffer  B:  60%  CH-.CN/H.-O  (0.039%  TFA). 

-  Binding  on  subcontluent  cultures  ( 1-3  •  10'  ceils/cm-)  of  h-VSM  cells  incubated  in  serum-deprived 
medium  supplemented  with  0.  ID  BSA  at  37'C  for  2  h;  IC<„  for  ET  =  0.47  ±  0.24  \  l()-l>  M  (n  =  10). 
J  Contraction  of  rabbit  vena  cava:  EC<„  for  ET  =  2.89  ±0.4  x  10-"’  M  (n  =  8).  For  partial  agonists 
(p.a.)  the  mean  of  the  relative  maximum  response  (ET  =  100)  was  given. 
c  Non-parallelism  of  the  competition  assay  curve. 

f  Biphasic  activity:  the  slow  contractions  induced  by  each  dose  were  preceded  by  a  fast  dose-dependent 
relaxation. 

*  The  dose-response  curve  was  composed  of  two  phases:  weak  constriction  at  l  x  HH'-l  vlO-4  M 
(87.3%  relative  potency,  28%  maximum  effect)  and  a  strong  constriction  at  concentrations  greater 
than  1  x  10-*  M  (1.1%  relative  potency,  100%  maximum  effect), 
n.d.  =  not  determined. 


Some  difference  in  relative  potency  between  binding  and  contracting  activity 
was  observed  (e.g.  [Ala8]ET),  but  not  large  enough  to  be  exploited  for  competitive 
antagonism. 
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Introduction 

Endotheiin- 1  (ET)  belongs  to  a  family  of  newly  discovered  peptides  with  potent 
vasoconstrictor  properties,  probably  implicated  in  the  pathophysiology  of  hy¬ 
pertension,  renal  failure,  vasospasm  and  other  disease  states.  On  account  of 
its  potential  clinical  significance,  this  21 -residue  peptide,  with  two  disulfide 
bridges,  has  become  the  intense  focus  for  structure-activity  studies.  Here  we 
report  a  systematic  approach  based  on  single-point  D-amino-acid  substitution 
of  the  non-cysteinyl  residues. 

Results  and  Discussion 

The  ET  analogs  were  synthesized  by  stepwise  SPPS  using  the  Boc-benzyl 
protecting  group  strategy.  At  the  completion  of  the  synthesis,  after  the  protecting- 
group  removal  and  peptide  cleavage  from  the  polymeric  support,  disulfide 
formation  was  obtained  by  air  oxidation.  In  most  cases  a  mixture  of  two  disulfide 
pairings  was  obtained:  the  natural  (Cys1-15,  Cys3*11)  isomer  (ET)  and  the  inverted 
isomer  (iET)  (Cys1-11,  Cys3-15). 

Each  isomer,  obtained  in  pure  form  by  RPHPLC  purification,  was  characterized 
by  plasma  desorption  MS,  AAA  and  CD,  and  testeo  for  binding  affinity  on 
human  vascular  smooth  muscle  cells  and  contractile  activity  on  the  rabbit  vena 
cava  in  vitro.  Isomer  assignment  was  made  by  circular  dichroism  [1],  Relevant 
physicochemical  and  biological  data  are  reported  in  Table  1. 

In  the  L-Ala  scan  (see  preceding  article)  a  mixture  of  both  natural  and  inverted 
isomers  was  obtained  about  in  the  same  3 : 1  ratio  as  in  endotheiin  (the  only 
exception  being  [Ala13]ET).  The  D-amino-acid  scan  (in  which  inversion  of 
configuration  is  known  to  strongly  affect  backbone  conformation  and  accentuate 
reverse  turns  and  multiple  bends  )  gave  very  different  results:  D-Ser2,  d-Lvs9 
and  D-Val12  replacements  yielded  almost  exclusively  the  natural  isomers,  whereas 
only  the  (Cys1-11,  Cys3-15)  isomer  was  obtained  by  inverting  the  configuration 
of  the  Ser4  residue.  All  the  analogs  displayed  relative  binding  affinity  higher 
than  contractile  activity,  with  the  only  notable  exception  of  [D-Lys9]ET,  which 
was  twice  as  active  as  endotheiin  in  competition  experiments,  and  four  times 
more  active  in  the  contraction  test.  Generally,  in  both  tests,  inversion  of 
configuration  was  less  tolerated  in  the  (16-21)  ‘tail’  of  the  molecule  than  in 
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Table  1  Physicochemical  and  biological  parameters  of  D-amino-acid  monosubstituted 
analogs  of  endothelin-1  (ET)  and  its  (Cys1-11.  CysJ-‘s)isomer  (iET) 


D-amino 

acid 

%  Isomeric 
ratio* 

RT  (HPLC)6 

%  Binding" 

%  Contraction® 

ET 

iET 

ET 

iET 

ET 

iET 

ET 

iET 

- 

75 

25 

19.66 

19.10 

100 

16.5 

100 

2.1 

Ser2 

>98 

<2 

20.24 

19.69 

10.0" 

n.d. 

0.1 

n.d. 

Ser4 

0 

100 

n.d. 

18.63 

n.d. 

20.0 

n.d. 

5.3 

Ser5 

54 

46 

20.51 

18.57 

52.2 

2.6 

45.6 

0.8 

Leu6 

55 

45 

19.57 

19.30 

126.0 

27.3 

58.0 

5.3 

Met7 

71 

29 

19.63 

20.06 

126.0 

57.0 

20.4 

37.7 

Asp8 

79 

21 

20.35 

19.78 

2.7 

3.5 

0.6 

1.6 

Lys9 

>98 

<2 

20.57 

19.71 

210.0 

n.d. 

418.0 

n.d. 

Glu'° 

69 

31 

18.98 

19.69 

154.0 

14.2 

53.5 

2.7 

Val12 

>98 

<2 

20.29 

20.03 

27.0 

n.d. 

21.6 

n.d. 

Tyr13 

50 

50 

21.56 

21.62 

8.0 

1.0 

9.5 

0.5 

Phe14 

68 

32 

21.26 

20.59 

2.2 

0.3 

1.5' 

(47%  p.a.) 

0.03' 

His16 

88 

12 

19.14 

18.10 

0.3 

0.6 

0.1 

0.3 

Leu'7 

71 

29 

19.81 

19.36 

12.6e 

0.2 

0.1 

<0.1 

Asp1* 

75 

25 

19.49 

19.09 

1.6 

<0.01 

1.6 

<0.1 

lie19 

78 

22 

19.50 

20.00 

0.05 

n.d. 

<0.3 

n.d. 

Ile2<> 

74 

26 

21.17 

21.10 

3.2 

0.2 

5.0 

(22%  p.a.) 

0.2 

(20%  p.a.) 

Trp2' 

73 

27 

19.42 

19.19 

2.4 

0.03 

0.4 

<0.1 

3  Determined  by  area  integration  of  the  HPLC  peaks  in  the  crude  reaction  product  detached  from 
the  resin.  Assignment  of  the  isomer  made  by  circular  dichroism  or  by  unequivocal  synthesis. 
b  Determined  on  a  reverse-phase  C,g  Vydac  column  (0.46  x  25  cm;  5  p)  with  a  linear  gradient  of 
15-85%  buffer  B  at  a  flow  rate  of  1.5  ml/mtn  and  monitored  at  215  nm.  Buffer  A:  5%  CH3CN/ 
HjO  (0.045%  TFA);  buffer  B:  60%  CHiCN/H:0  (0.039%  TFA). 

'  Binding  on  subconfluent  cultures  ( 1-3  x  !05  cells/cm:)  of  h-VSM  cells  incubated  in  serum-deprived 
medium  supplemented  with  0.1%  BSA  at  3 7°C  for  2  h;  1Q0  for  ET  =  0.47±0.24x  I0-9  M  (n  =  19). 
J  Contraction  of  rabbit  vena  cava;  EC<,0  for  ET  =  2.89±0.4x  10-'°  M  (n  =  8).  For  partial  agonists 
(p.a.)  the  mean  of  the  relative  maximum  response  (ET  =  100)  was  given. 

'  Non-parallelism  of  the  competition  assay  curve. 

1  Biphasic  activity:  the  slow  contractions  induced  by  each  dose  were  preceded  by  a  fast  dose-dependent 
relaxation. 

n.d.  =  not  determined. 

the  disulfide  loops.  Some  peculiarities  were  also  observed:  in  the  binding  assay, 
nonparallelism  of  the  competition  curve  for  [D-Ser2]  and  [D-Leul7]analogs;  in 
the  rabbit  vena  cava  test,  partial  agonism  for  [D-Phel4]ET  and  for  both  [d- 
Leu17]isomers,  and,  for  both  [D-Phe14]  isomers,  a  biphasic  dose-response  curve 
characterized  by  a  fast  relaxation  followed  by  slow  contractions. 
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Introduction 

Recently,  we  communicated  a  series  of  CCK  tetrapeptide  analogs,  typified 
by  A-71623  (1)  (Fig.  1),  that  possess  high  affinity  and  selectivity  for  the  CCK- 
A  receptor  and  elicit  full  agonist  responses  relative  to  CCK-8  in  stimulating 
amylase  release  and  phosphoinositide  (PI)  breakdown  in  guinea  pig  pancreas 
[1,2].  The  reversal  in  receptor  selectivity  from  Boc-CCK-4  (70-fold  CCK-B 
selective)  to  these  novel  tetrapeptides  (1000-fold  CCK-A  selective)  was  achieved 
by  substituting  methionine  in  Boc-CCK-4  with  a  modified  lysine  residue.  Detailed 
structure-activity  analysis  of  these  novel  tetrapeptides  bearing  ureas  in  the  critical 
lysine  side  chain  was  performed  to  identify  the  salient  structural  features  important 
tor  CCK-A  receptor  recognition  and  function.  A  complementary  series  of 
tetrapeptides  bearing  a  phenolic  amide  function  was  identified  and  subsequently 
sulfated  in  order  to  address  whether  any  structural  correlations  might  exist 
between  the  aromatic  lysine  appendage  and  Tvr27  of  CCK-8  related  peptides. 


Boc-Trp-NH  v^CO-Asp-X-NH2 


HN 

R 

Fig.  1.  1:  X  =  (NMe)Phe.  R~  2-methylphenylaminocarbonvl. 

2:  X  —  Phe. 

Results  and  Discussion 

Analysis  of  singly  substituted  ureas  revealed  that  greatest  CCK-A  potency 
and  selectivity  were  achieved  upon  substitution  of  the  phenyl  ring  at  the  2- 
position  (2b-2j).  The  Me-  and  Cl-substituted  analogs  possessed  greater  binding 
affinity  than  their  respective  CF3-substituted  derivative.  Presence  of  an  aromatic 
group  is  not  required  since  the  cyclohexyl  urea  (2k)  was  equipotent  to  the  parent 
compound  2a.  However,  a  disubstituted  urea  is  critical  for  pancreatic  potency 
since  the  monosubstituted  derivative  21  exhibited  very  weak  binding  in  pancreas. 
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Table  1  Binding  data  of  substituted  tetrapeptide  2 


No 

R 

ICw(nM), 

pancreas' 

IC50  (nM), 
cortex-* 

C/P* 

2a 

Ph-NH-CO- 

26  ± 

7.1 

(3) 

1  100  ±270  (3) 

42 

2b 

2-Me-Ph-NH-CO- 

3.8  ± 

0.49(3) 

1400  ±490(3) 

370 

2c 

3-Me-Ph-NH-CO- 

16  ± 

3.1 

(3) 

1  900  ±240  (3) 

120 

2d 

4-Me- Ph-NH-CO- 

53  ± 

24 

(4) 

1  200  ±  50(3) 

23 

2e 

2-Cl-Ph-NH-CO- 

3.8  ± 

1.2 

(3) 

1900  ±360(3) 

500 

2f 

3-Cl-Ph-NH-CO- 

51  ± 

11 

(3) 

2  600  ±710(3) 

51 

2g 

4-Cl-Ph-NH-CO- 

60  (2) 

770(1) 

13 

2h 

2-CF, -Ph-NH-CO- 

8.0  ± 

1.6 

(5) 

1600(1) 

200 

2i 

3-CF,  -Ph-NH-CO- 

57  (2) 

3000(1) 

53 

2j 

4-CFrPh-NH-CO- 

170  (2) 

850(1) 

5 

2k 

CvclohexvI-NH-CO- 

21  ± 

5.6 

(3) 

2  100 ±  390(3) 

100 

21 

H-NH-CO- 

12000  ±3400 

(3) 

1  000  ±  270(3) 

0.083 

2m 

4-OH-cinnamoyl- 

16  ± 

3.3 

(6) 

730 ± 140(4) 

46 

2n 

4-OSOiH-cinnamoyl- 

13  ± 

3.9 

(7) 

470  ±  54(6) 

36 

2o 

5-OH-2-naphthoyl- 

4.5  ± 

0.96(4) 

1  200  ±  130(4) 

270 

2P 

5-OSOjH-2-naphthoyl- 

3.4(2) 

300(2) 

88 

1  ICjo  was  determined  as  the  concentration  of  peptide  that  inhibited  50%  of  the  specific  binding 
of  [l25lBH-CCK-8.  Number  of  determinations  is  indicated  in  parentheses.  Each  determination 
was  conducted  in  duplicate  with  <5%  variability.  Means  ±SE  are  indicated  for  those  compounds 
with  three  or  more  determinations. 
b  Ratio  of  IC511  cortex  /  IC50  pancreas. 


All  the  tetrapeptides  were  full  agonists  in  stimulating  amylase  release  in  guinea 
pig  pancreatic  acini  and  the  effects  were  potently  inhibited  by  selective  CCK- 
A  antagonists.  Introduction  of  (N-Me)Phe  in  2b  resulted  in  A-71623,  which  was 
shown  to  be  effective  in  suppressing  feeding  in  both  rats  and  monkeys. 

We  sought  to  investigate  whether  the  critical  lysine  appendage  was  mimicking 
Tyr27  of  CCK-8.  A  series  of  amides  derivatives  containing  phenolic  residues 
was  prepared  and  demonstrated  to  possess  high  affinity  for  the  CCK-A  receptor. 
No  improvement  in  pancreatic  affinity  was  observed  upon  sulfation  of  the  phenolic 
group  thereby  suggesting  that  the  side-chain  moiety  was  not  binding  in  a  similar 
manner  to  the  tyrosine  of  CCK-8.  Modelling  studies  are  underway  to  determine 
if  any  structural  correlations  exist  between  this  novel  series  of  tetrapeptides  and 
the  CCK-8  related  hepta-  and  octapeptides. 
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Introduction 

As  part  of  our  overall  program  to  develop  orally  active  CCK  mimetics  for 
use  as  appetite  suppressants,  we  require  detailed  knowledge  of  the  role  played 
by  each  structural  element  of  CCK  at  its  receptors.  Previous  SAR  with  CCK 
analogs  indicates  that  an  intact  C-terminal  carboxamide  is  required  for  full  agonist 
activity  while  the  aromatic  ring  on  the  C-terminal  phenylalanine  may  be 
substituted  by  lower  alkyl  or  cycloalkyl  moieties  with  only  modest  effects  on 
binding  to  either  the  CCK-A  or  CCK-B  receptors  [1,2].  Employing  Ac-CCK- 
7  (1)  as  a  model,  we  have  extended  these  studies  to  a  series  of  replacements 
for  the  phenylalanine  aromatic  ring  with  an  emphasis  on  the  effect  of  substitution 
on  receptor  binding  and  on  appetite  suppressant  activity. 


Ac-Tyr(SO3H)27-Met28-Gly29-Trp30-Met3l-Asp32-Phe33-NH2  (1) 


Fig.  1.  Sequence  of  Ac-CCK-7. 

Results  and  Discussion 

New  intermediate  alanine  derivatives  were  prepared  by  the  oxazolidinone/ 
azidation  protocol  [3],  The  unsulfated  peptides  were  prepared  by  SPPS  with 
DCC/HOBT  coupling  utilizing  either  the  Boc/benzyl  strategy,  employing  BHA 
resin  and  HF  cleavage  or  the  Boc/OFm  strategy,  PAM  resin  and  ammonolysis 
for  cleavage.  The  crude  peptides  were  purified  by  C!g  RPHPLC  and  were 
characterized  by  FABMS  and  AAA.  Sulfation  to  give  the  peptides  shown  in 
Table  1  was  accomplished  using  pyridinium  acetyl  sulfate. 

Receptor  binding  activity  for  the  CCK-A  and  CCK-B  receptor  subtypes  was 
determined  using  solubilized  membranes  prepared  from  rat  pancreas  or  bovine 
striatum,  respectively.  To  ascertain  the  effects  of  drug  on  food  intake  (FI),  fasted 
rats  were  given  test  peptides  by  ip  injection  15  min  before  a  1  hour  feeding 
period  and  the  amount  of  food  eaten  was  determined.  Data  are  expressed  as 
the  dose  which  caused  50%  inhibition  of  the  control  intake  (ID50). 
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Table  i  Biological  activity  of  Phen  substituted  analogs  of  Ac-CCK-7 


R 

Ac-Tyr{  S03H)-*4  el-Oy-T  rp-M  el  -Asp  -  N  ^CONH? 

H 

No. 

R 

CCK 

IC»i 

Pancreas 

binding 

aM 

Striatum 

Food  intake 
ID* 

Aig/kg,  ip 

1 

-o 

0.60 

4  4 

7.0 

2 

< 

16 

K90 

8.0 

3 

1.4 

1100 

1.6 

4 

"O 

0.56 

4  6 

0.6 

5 

-O 

0.46 

0.49 

0.1 

6 

O 

0.00001 

0.000001 

0.5 

7 

J9 

2.3 

6.2 

7 

8 

oc 

0.001 

0.03 

1.5 

9 

OO 

0.034 

0.028 

0.3 

10 

Co 

0.00001 

0.00001 

0.38 

The  results  summarized  in  Table  1  indicate  that  binding  to  both  CCK-A  and 
CCK-B  receptors  requires  a  hydrophobic  side  chain  at  position  33  with  potency 
a  function  of  its  size.  The  extraordinarily  potent  cyclooctyl  (6)  and  1 -naphthyl 
(10)  derivatives  exhibit  relatively  flat  binding  curves  relative  to  CCK-8  and  even 
such  close  analogs  as  the  cvclohexyl  (5)  and  2-naphthvl  (9)  derivatives  suggesting 
that  their  mode  of  interaction  with  the  receptor  is  modified.  All  of  the  compounds 
in  Table  I  were  potent  suppressors  of  food  intake  with  several  of  them  being 
an  order  of  magnitude  more  potent  than  Ac-CCK-7  itself.  The  activity  of  5 
was  blocked  by  the  selective  CCK-A  receptor  antagonist  MK-329  implying  that 
its  anorexic  effect  is  mediated  by  CCK-A  receptors. 

We  conclude  from  this  work  that  both  the  CCK-A  and  CCK-B  receptor 
subtypes  provide  a  generous  hydrophobic  region  able  to  accommodate  a  variety 
of  hydrophobic  groups  at  position  33  of  CCK  analogs  without  disruption  of 
other  important  drug-receptor  interactions.  From  the  drug  design  perspective, 
it  appears  that  within  a  given  series  of  analogs,  substantial  gains  in  binding 
affinity  and  anorexic  potency  should  be  achievable  by  optimization  of  this 
hydrophobic  group. 

References 

1.  Marseigne.  l„  Dor.  A.,  Pelaprat.  D..  Reibaud.  M..  Zundel.  J.L..  Blanchard.  J  C.  and  Roques. 
B.P..  Int.  J.  Pept.  Protein  Res.,  33(1989)230. 

2.  Sugg,  E.E..  Serra.  M,.  Shook,  J.E.,  Yamamura,  H.I.,  Burks.  T.F..  Korc..  M.  and  Hrubv. 
V.,  Int.  J.  Pept.  Protein  Res.,  31(1988)514. 

3.  Evans.  D.A.,  Britton,  T.C.,  Ellman,  J.A.  and  Dorow.  R.L..  J.  Am.  Chem.  Soc..  1 12(1990)401 1. 


409 


EGF-Receptor  binding  peptides  from  transforming  growth 
factor  a  (TGFa):  Evidence  for  a  multi-domain  interaction 


Donna  E.  Davies2,  Audrey  Richter3,  J.  Wayne  Conlanb,  Clement  Higginbotham2, 
Michael  E.  Wardb,  Peter  Alexander2  and  Nigel  G.J.  Richards0 

aCRC  Unit  of  Medical  Oncology  and  hDepartment  of  Microbiology. 
Southampton  General  Hospital.  Southampton  S09  4XY.  U.K. 

'  Department  of  Chemistry,  University  of  Florida,  Gainesville,  FL  3261 1,  U.S.A. 


Introduction 

TGFa  is  a  small  protein  which  can  bind  to,  and  activate,  epidermal  growth 
factor  receptors  (EGF-R)  on  the  surface  of  epithelial,  mesenchymal  and  a  range 
of  cancer  cells,  causing  the  initiation  of  DNA  synthesis  and  subsequent  division 
[1].  Despite  intensive  efforts  using  site-directed  mutagenesis  [2],  synthetic  peptide 
fragments  [3],  and  determination  of  the  secondary  and  tertiary  folding  of  TGFa 
in  solution  [4],  the  role  and  importance  of  many  structural  features  in  mediating 
EGF-R  activation  remain  ill-defined.  Using  a  novel  extension  of  epitope  mapping 
techniques  [5],  we  have  assayed  the  ability  of  EGF-R  to  bind  to  peptide  fragments 
of  TGFa.  Our  results  indicate  that  several  loop  segments  may  be  important 
in  formation  of  the  TGFa/EGF-R  complex. 

Results  and  Discussion 

Overlapping  heptapeptides  spanning  the  entire  sequence  of  mature  human 
TGFa  were  synthesized  using  standard  literature  protocols  [5].  EGF-R  was 
solubilized  with  detergent  from  plasma  membrane  vesicles  prepared  using  the 
squamous  cell  carcinoma  line,  HN5,  and  used  in  a  modified  ELISA  assay  (Fig. 
la),  being  incubated  at  4°C  with  the  immobilized  heptapeptides  for  18  hours. 
Our  anti-EGF-R  monoclonal  binds  to  an  epitope  in  the  extracellular  domain 
of  EGF-R  at  a  site  distant  from  the  ligand  binding  region  [6].  EGF-R  was 
found  to  bind  reproducibly  to  heptapeptides  cognate  with  residues  22-28,  28- 
34,  36-42  and  44-50  of  TGFa  (Fig.  Ib).  To  test  the  relation  of  sequence  to 
EGF-R  binding  we  synthesized  randomized,  or  mutated,  variants  of  these  peptide 
segments.  Not  only  did  EGF-R  bind  less  well  to  the  randomized  sequences, 
but  certain  amino  acids,  observed  in  other  studies  [2,3]  to  be  critical  in  mediating 
the  activity  of  intact  TGFa,  were  also  influential  in  determining  recognition 
of  the  heptapeptides  by  solubilized  EGF-R  (Fig.  2).  TGFa  possesses  two  domains 
defined  by  three  highly  conserved  disulfide  bonds,  and  these  are  linked  by  Val33. 
The  N-terminal  domain  (1-32)  contains  a  well-defined  /3-sheet  and  a  more 
disordered  loop,  while  the  C-domain  comprises  a  macrocyclic  ring  linked  to 
a  flexible  ‘tail’  of  amino  acids  (44-50).  The  four  receptor-binding  sequences 
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a  b 

MpUd«  /  EGF-ftcciptor  ImfflUfltiiuy 


HepUptptlOtl  Of  Ttfa 
Peptldo  /  C6F-H  immunoassay 


Absorbance  (410  nm) 


Fig.  I.  (a)  Modified  ELISA  assay  for  mapping  potential  EGF-R  binding  regions  of  TGFa.  (b)  EGF- 
R  binding  to  overlapping  heptapeptides  spanning  the  primary  sequence  of  TGFa. 


corresponded  to  segments  in  the  C-domain  and  the  /3-sheet  region  of  the  N- 
domain.  Moreover,  using  solution  phase  coordinate  data  derived  from  'H  NMR 
measurements,  in  which  the  relative  orientation  of  the  domains  is  well-defined 
by  NOE  measurements  [4],  these  segments  were  found  to  be  spatially  distant. 
Our  results  therefore  suggest  that  residues  from  both  domains  of  the  protein 
are  required  for  interaction  with  the  receptor  and  may  explain  the  inactivity 
of  many  synthetic  peptide  fragments  derived  from  sequences  in  either  the  N- 
or  the  C-terminal  domains  [7],  Further  evidence  to  support  the  idea  that  areas 
in  both  domains  of  TGFa  mediate  binding  to  and  activation  of  EGF-R  was 
reported  in  studies  on  material  derived  by  total  synthesis  [8],  in  which  the 
replacement  of  VaP3  by  its  oisomer  was  reported  to  reduce  biological  activity 
by  a  factor  of  105  [9].  This  was  interpreted  as  being  the  result  of  structural 
modification,  although  this  change  might  be  unlikely  to  affect  the  folding  of 
the  N-  and  C-domains  given  the  constraints  imposed  by  the  conserved  disulfide 


Absorbance  (4)0  nm) 


Heptepeptlde  Sequence 

Fig.  2.  EGF-R  binding  to  randomized  and  variants  of  immobilized  TGFa  segments. 
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bridges.  However,  it  could  affect  the  relative  orientation  of  the  two  protein 
domains,  causing  the  reduction  in  activity. 

Another  feature  of  this  multi-domain  model  for  TGFa/EGF-R  interaction 
is  that  it  provides  a  ‘natural’  mechanism  for  effecting  the  observed  conformational 
change  in  the  EGF-R  [10],  which  may  be  related  to  cell  signalling  mechanisms. 
Thus  reorientation  of  the  TGFa  domains  could  occur  about  the  hinge  residue 
Val33  upon  binding.  Moreover,  we  note  that  Val33  is  totally  conserved  within 
currently  known  TGFa  proteins,  and  that  the  corresponding  ‘hinge’  residue. 
Asn32,  in  EGF  proteins  is  also  conserved  [11].  This  may  be  further  evidence 
of  the  role  of  the  ‘hinge’  in  mediating  biological  activity  as  it  has  been  shown 
that  EGF  and  TGFa  interact  differently  with  EGF-R  [12].  Efforts  to  obtain 
analogs  of  TGFa  in  which  the  ‘hinge’  residue  is  replaced  by  both  natural,  and 
non-natural,  amino  acids  are  underway  and  our  results  will  be  reported  in  due 
course. 
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Introduction 

The  active  site  preferences  of  recombinant  rhizopuspepsin  [1],  an  aspartic 
proteinase,  have  been  evaluated  [2]  by  the  use  of  two  sets  of  inhibitors  containing 
different  peptide  bond  replacements.  The  interpretation  of  the  kinetic  parameters 
derived  from  these  studies  is  facilitated  by  the  crystallographic  data  of  the 
rhizopuspepsin-inhibitor  complexes  U85548E  [3]  and  U70531E  [4], 

Results  and  Discussion 

Table  1  shows  the  SAR  of  the  methyleneamino  (CH2NH)  modified  inhibitors. 
The  Cha  (cyclohexylalanine)  substitute  \i  in  the  P|  pos  tion  exhibits  a  lower 
inhibitory  capacity  (higher  K,)  overall  when  compared  to  the  Phe  substitution. 
This  decreased  potencv  may  be  due  to  the  loss  of  stabilizing  aromatic/hydrophobic 
interactions  with  Tyr77,  Phe114,  and  Leu122  in  the  S(  subsite.  The  systematic 
substitution  of  P(  where  P)  =  Phe  shows  a  large  range  of  potency.  The  Val, 
Phe  and  p-CIPhe  substitutions  exhibit  similar  inhibitory  capabilities  while  p- 
NCTPhc  and  Tyr  in  P|  show  progressively  higher  Kj  values.  The  later  two 
substitutions  may  be  unfavorable  due  to  the  interruption  of  hvdrophobic/ 
aromatic  interactions  with  lie-16  and  He298,  Trp294  and  Trpi94,  and  Phe296  of  the 
S)  binding  pocket  or  the  introduction  of  a  slightly  altered  hydrogen  bonding 
arrangement.  The  U70531E  and  the  U85548E  complexes  have  Phe  and  Val  in 
the  P|  position,  respectively.  When  Phe  is  present,  the  P2  side  chain  is  oriented 
toward  the  S4  pocket  surrounded  *-y  Thr221,  Phe278  and  Leu223.  The  presence 
of  Val,  however,  positions  the  side  chain  toward  the  long,  extended  S,  pocket. 
The  P2  side  chain  in  this  position  may  result  in  the  lower  Kf  seen  for  L79339E. 

Table  2  shows  the  inhibition  constants  for  the  hydroxyethylene  (CH(OH)CH2) 
containing  compounds.  The  deletion  of  the  P5,  P4  and  the  P4  residues  of  U85548E 
caused  a  100-fold  decrease  in  potency.  When  the  P2  and  P2  residues  were  deleted, 
however,  a  substantial  increase  in  the  K,  values  of  10000  and  500000-fold, 
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Table  1  Xaa'f'[ CH :NH JYaa  modified  derivatives 


CMPD 

P5-P4-Pj-P2 

PfPf 

P2~Pr 

K,  (mM) 

U79465E 

Ac-Pro-Phe-His 

Cha^lXlPhe 

NH, 

218.0±  117.6 

U79211E 

Ac-Pro-Phe-His 

Cha'PfXIVal 

NH2 

493.8  ±244.8 

(J79464E 

Ac-Pro-Phe-His 

Cha'PtX]  Cha 

nh2 

225.8  ±  62.2 

U79339E 

Ac-Pro-Phe-His 

Phe'PfXlVal 

NH, 

8.7  ±  1.7 

U71909E 

Ac-Pro-Phe-His 

Phe'PtXIPhe 

NH, 

21.1  ±  4.3 

U80011E 

Ac-Pro-Phe-His 

Phe4'[X]pClPhe 

NH, 

13.3  ±  2.4 

U80445E 

Ac-Pro-Phe-His 

Phe'PtXlPhe 

NH, 

105.0=  18.0 

U81330E 

Ac-Pro-Phe-His 

Phe^XlpNO^Phe 

NH, 

40.2  ±  4.4 

U70531E 

o-His-Pro-Phe-His 

Phe'PtXlPhe 

Val-Tyr 

5.2=  0.7 

U91990E 

Ac-Pro-Hph-NMeHis 

Phe'PfXIPhe 

NH, 

1.6=  0.2 

Hph  =  Homophenvlaianine  pNO,Phe  = 

:p-Nitrophenylalanine  X  =  CH,NH 

pCIPhe  — 

p-chlorophenvlalanine  Cha  — 

cyclohexvlalanine 

Table  2 

Leu  'f'f  CH( OH)CH}  JVat  and  statine  modified  derivatives 

CMPD 

P5-P4-PJ-P2 

P.-P,  P2-P3 

K,  (nM) 

U85548E 

Val-Ser-Gln-Asn 

Leu'P[X]Val  lle-Val 

0.042  ±  0.014 

U92522E 

Ac-Ser-Gln-Asn 

Leu'PfXlVal  Ue-NH2 

1.36 

±  0.26 

U92517E 

Ac-GIn-Asn 

Leu'PfXlVal  Ile-NH2 

1.36 

±  0.29 

U92516E 

Ac-Asn 

Leu'PtXIVal  Ile-NH2 

510.0 

±  91.8 

U84728E 

Ac 

Leu'PfXlVal  IIe-NH2 

20210 

±3  758 

U85964E 

Ac-Val-Val 

Leu'l,[X]Val  Ue-Amp 

0.12 

±  0.04 

Pepstatin 

Iva-Val-Val 

Sta  Ala-Sta 

0.71 

±  0.19 

Ac-Pepstatin  Ac-Val-Val 

Sta  Ala-Sta 

10.3 

±  2.2 

U77647E 

Ac-Pro-Phe-His 

Leu'P[X]Val  lle-NH; 

53.6 

±  7.3 

X  -  CH(OH)CH,  Amp  =  Aminomethylpyridine  Sta  =  Statine  —  Leu'P[CH(OH)]GIy 
Iva  =  Isovalervl  Ac  =  Acetyl 


respectively,  is  seen.  The  significance  of  the  P3-P2  interactions  is  also  seen  it: 
the  comparisons  of  U77647E  to  U85548E  and  U71990  to  U91990E.  A  comparison 
of  U85964E  to  the  classical  aspartic  proteinase  inhibitors  containing  the  statine 
derivative  shows  that  the  hydroxyethylene  isosteres  have  the  same  or  better 
binding  ability.  The  hydroxyethylene  and  methyleneamino  derivatives  are  better 
models  for  substrate  interactions  because  of  the  shift  seen  in  the  pepstatin  complex 
[5]  caused  by  the  addition  of  two  extra  main  chain  atoms  and  the  loss  of 
hydrophobic  interactions  in  the  S,  pocket. 
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Introduction 

Metallothioneins  (MTs)  are  a  class  of  low-molecular-weight,  cysteine  rich 
proteins  capable  of  binding  various  heavy  metal  ions.  Due  to  their  heavy  metal¬ 
binding  ability,  they  act  as  heavy  metal  (Cd,  Hg  or  Cu)-detoxyfying  agents  and 
participate  in  heavy  metal  (Zn  or  Cu)  metabolism,  such  as  the  storage  function 
and  metal  transfer  to  apometalloproteins.  However,  their  precise  role  is  not 
well  understood.  Concerning  the  metal  cysteinate  structure  of  mammalian  MTs, 
the  existence  of  two  separate  Cd  clusters  was  demonstrated,  one  containing  four 
Cd2+  ions  (cluster  A,  a-fragment)  and  another  three  Cd2+  ions  (cluster  B,  j3- 
fragment)  (see  Fig.  1  [1]).  It  was  also  reported  that  the  two  clusters  exhibited 
significant  differences  in  their  affinity  for  different  metal  ions  and  functioned 
independently.  Thus,  it  is  believed  that  studies  on  the  metal-binding  properties 
of  the  two  clusters  may  clarify  the  biological  role  of  MTs.  This  paper  deals 
with  the  synthesis  of  a-fragment  of  mouse  MT  I  and  related  peptides  and 
examination  of  their  heavy  metal  (Cd2+,  Cu+  and  Cu2+)-binding  properties  in 
comparison  to  those  of  the  )3-fragment  and  phytochelatins. 

Results  and  Discussion 

In  order  to  construct  a-fragment  of  mouse  MT  I,  nine  peptide  fragments 
were  prepared  using  newly  developed  /3-2-adamantyl  aspartate  [2]  and  coupled 

1  10 

Ac-Met-Asp-Pro-Asn-Cys-Ser-Cys-Ser-Thr-Gly-Gly-Ser-Cys-Thr-Cys-Thr-Ser-Ser- 

20  30 

Cys-Ala-Cys-Lys-Asp-Cys-Lys-Cys-Thr-Ser-Cys-Lys-Lys-Ser-Cys-Cys-Ser-Cy.  -Cys- 

40  50 

Pro-Val-Gly-Cys-Ser-Lys-Cys-Ala-GIn-Gly-Cys-Val-Cys-Lys-Gly-Ala-Ala-Asp-Lys- 

60 

Cys-Thr-Cys-Cys-Ala-OH  (p-Fragment  :  1-29  a-Fragment  :  30-61) 

Fig.  I.  Structure  of  mouse  metaliothionein  I. 
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*)  Cd(++) -binding  ot  Peotidnn 


Concentration  of  Cd(++)  (aM) 


b)  Cu(0-bmdin*  of  Peptide*  c)  Cu(t+)-bindin*  of  Peptides 


Concentration  of  Cu(+)  (al)  Concentration  of  Cu(t+)  (al) 


Fig.  2.  Binding  properties  of  peptides  with  heavy  metals,  a)  with  Cd?+.  b)  with  Cu+,  c)  with  Cu:+. 
Peptide.  0.15  mM  as  SH  in  J  ml  of  Tris-HCl  (10  mM,  pH  7.0).  ( •)  Mouse  MT  I  (30-61).  ( □ )  (36- 
61).  (M)  (43-61).  (\)  (46-61).  (A)  (49-61).  (O)  (52-61)  (*)  (57-61). 


successively  by  the  azide  procedure.  Final  deprotection  was  achieved  by  HF 
method  and  crude  peptides  were  purified  by  Sephadex  G-25  using  3%  AcOH 
as  an  eluant.  Metal-binding  activities  of  various  peptides,  which  contain  Cys- 
X-Cys-Cys  sequences,  were  assessed  by  measuring  the  increase  in  absorbance 
of  mercaptide  at  250  nm  (Cd2+)  or  265  nm  (Cu+  and  Cu2+)  as  a  function  of 
the  concentration  of  Cd2+  (CdCl2)  or  Cu+  [Cu(CH3CN)4C104]  and  Cu2+  (CuCl2). 

Metal-binding  properties  of  various  peptides  are  illustrated  in  Fig.  2a,b,c.  Their 
Cd2+  binding  properties  were  similar  to  each  other  (Fig.  2a),  whereas  their  Cu+ 
and  Cu2+-binding  properties  were  dependent  on  their  structure  (Fig.  2b  and 
c).  This  phenomenon  in  metal-binding  properties  is  opposite  to  that  of  A.  bisporus 
MT,  which  amino  acid  sequence  is  similar  to  that  of  j3-fragment  of  mammalian 
MTs  [3].  /3-Fragment  of  mammalian  MT  contains  Cys-X-Cys  (X:  amino  acid 
except  for  Cys)  sequences  but  not  Cys-X-Cys-Cys  sequence,  whereas,  «-fragment 
contains  Cys-X-Cys-Cys  sequences  in  addition  to  the  Cys-X-Cys  sequences.  These 
differences  in  positions  of  Cys  residues  affected  their  heavy  metal-binding 
properties. 
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Introduction 

Neuropeptide  Y  (NPY)  is  a  36  amino  acid  peptide  isolated  from  porcine  brain 
by  Tatemoto  et  al.,  in  1982  [1].  Structural  studies  suggested  the  presence  of 
a  N-terminal  poly-proline  type  II  helix  and  a  C-terminal  amphipathic  ot-hdix, 
connected  by  a  type  II  /3-turn,  in  the  NPY  molecule  [2].  Circular  dichroism 
spectra  [3]  and  molecular  modeling  [4]  proposed  an  antiparallel  a-helix  for 
residues  14-32  which  would  be  stabilized  by  intramolecular  interactions.  This 
particular  structural  feature  would  play  an  important  function  in  stabilizing  the 
molecule  when  bound  to  its  receptor.  We  investigated  the  role  of  the  helical 
stretch  of  NPY  by  synthesizing  analogs  in  which  all  the  arginine  residues  were 
replaced  by  lysine  which  is  considered,  according  to  Chou  and  Fasman,  as  a 
good  helix  former.  Also,  for  a  better  understanding  of  the  stabilization  phen¬ 
omenon  between  the  N-terminal  and  the  C-terminal  segments  of  the  molecule, 
we  synthesized  truncated  analogs.  In  some  of  these,  the  missing  portion  was 
replaced  by  a  flexible  spacer.  The  affinity  of  the  analogs  was  evaluated  with 
the  brain  membrane  preparation  and  the  biological  activity  was  measured  with 
the  rat  vas  deferens  bioassay. 

Results  and  Discussion 

The  peptides  were  synthesized  using  the  BOP  reagent,  according  to  a  me¬ 
thodology  that  we  recently  described  [5].  After  purification  with  RPHPLC,  the 
synthetic  preparations  were  characterized  by  analytical  HPLC,  capillary  elec¬ 
trophoresis,  AAA  and  FABMS. 

The  biological  study  (Table  1)  revealed  that  ( 1-4)- Aca-(18-36)pNPY,  an  analog 
obtained  by  linking  the  fragments  1-4  and  18-36  via  t-aminocaproic  acid  (Aca), 
a  flexible  arm-linker,  retained  an  excellent  activity  on  the  rat  vas  deferens 
preparation  compared  to  the  native  peptide  (IC50: 19  nM  vs.  17  nM  for  NPY), 
while  the  longer  truncated  analog  (l-4>Aca-(14-36)pNPY  was  much  less  active 
(IC50 : 323  nM).  Interestingly,  the  decrease  in  biological  activity  observed  with 
the  latter  seems  to  be  mainly  related  to  the  presence  of  Ala14  since  (l-4)-Aca- 
(15-36)pNPY  exhibits  a  significant  potency  (IC50 :  25  nM).  No  direct  correlation 
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Table  1  Affinity  on  rat  brain  membrane  preparation  and  activity  on  rat  vas  deferens  bioassay 
of  NPY  and  its  analogs 


NPY  and 
its  analogs 

Binding  Assay 

Bioassay 

IC50  (nM)±SEa 

IC50  (nM)±SEb 

pNPY 

4  ±  1 

17  ±  4 

[Lysl9]pNPY 

0.4  ±  0,1 

6±  2 

[Lys25]pNPY 

52  ±  9 

43  ±  15 

[Lys33]pNPY 

1203  ±188 

621  ±279 

[Lys35]pNPY 

1042  ±331 

NEd 

( 1  -4)- Aca-(  1 4-36)pN  PY 

103  ±  62 

323  ±  91 

( 1  -4)- Aca-(  1 5-36)pN  P  Y 

NDC 

25  ±  5 

(l-4>-Aca-(16-36)pNPY 

ND 

50  ±  14 

( l-4}-Aca-(17-36)pNPY 

189  ±  61 

69  ±  21 

( 1  -4>Aca-(  1 8-36)pNPY 

174  ±  97 

19±  4 

( 1  -4>- Aca-(3 1  -36)pN  PY 

NEd 

NE 

(l-4)-(31-36)pNPY 

NE 

NE 

(4- 1 )- Aca-(3 1  -36)pN  PY 

NE 

NE 

(4-l>-(31-36)pNPY 

NE 

NE 

(4-l)D-Aca-(31-36)pNPY 

NE 

NE 

(4-l)tj-(31-36)pNPY 

NE 

NE  **'7  r.  ., 

*  Concentration  of  peptide  inhibiting  50%  of  the  specific  binding  ±  standard  error  (n>3). 
b  Concentration  of  peptide  inhibiting  50%  of  the  maximal  effect  ±  standard  error  (n  >  3). 
c  ND,  not  determined. 
d  NE,  no  effect  at  a  concentration  of  1 


was  observed  between  the  successive  removal  of  the  14  to  17  residues  and  the 
biological  activity  or  the  affinity,  thus  suggesting  that  the  presence  of  alanine- 
14,  a  strong  a-helix  former,  might  increase  the  rigidity  of  the  helical  stretch 
and  give  rise  to  an  analog  having  a  limited  ability  to  interact  with  the  receptor. 
Truncated  analogs  obtained  by  linking  the  C-terminal  31-36  fragment  to  various 
N-terminal  tetrapeptides  did  not  show  any  activity  nor  affinity  in  our  assays. 

The  contribution  of  the  arginine  residues  of  the  NPY  molecule  was  also 
evaluated  in  relation  with  the  a-helix.  Indeed  the  arginines  were  successively 
substituted  with  lysine,  a  better  helix-promoter  than  arginine.  The  results  showed 
that  the  replacement  of  Arg19  or  Arg25,  two  residues  found  in  the  putative  a- 
helix,  gave  active  analogs.  The  derivative  [Lys25]NPY  was  less  potent  than  the 
native  peptide  and  [Lys19]NPY  appeared  to  be  slightly  more  active  as  well  as 
showing  a  better  affinity.  It  is  yet  unclear  if  the  latter  result  is  related  to  a 
structural  stabilization.  On  the  other  hand,  the  substitution  of  Arg33  produced 
an  important  decrease  of  activity  while  the  replacement  of  Arg35  gave  an  inactive 
analog.  These  data  suggest  that  an  increase  in  a-helix  stability,  as  expected  with 
the  substitution  with  Lys,  does  not  influence  the  capacity  of  triggering  the 
biological  response.  Moreover,  the  important  loss  of  activity  observed  with 
[Lys33]NPY  and  [Lys35]NPY,  designed  in  order  to  increase  the  length  of  the 
helical  core,  shows  that  these  positions  are  critical  for  the  biological  activity 
and  strongly  suggests  that  the  guanidinium  moieties  of  Arg33  and  Arg35  play 
a  major  role  in  the  interaction  phenomenon  with  the  receptor. 


Structure-activity  relationships 
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Introduction 

The  432  amino  acid  glycoprotein  Antithrombin  III  (ATIII)  regulates  several 
key  steps  in  the  blood  clotting  cascade  by  inhibiting  serine  proteases  such  as 
thrombin  and  factor  Xa  [1],  The  rate  by  which  ATIII  inhibits  these  enzymes 
is  accelerated  1000-fold  by  binding  to  a  specific  polysaccharide  sequence  within 
the  carbohydrate  chains  of  heparin  [2,3].  Heparin  is  a  heterogeneous  polysulfated 
proteoglycan,  the  saccharide  portion  of  which  is  commonly  prescribed  in  the 
treatment  of  thrombosis  [4],  Spectroscopic  studies  of  the  heparin-ATIII  inter¬ 
action  indicate  that  heparin  binding  induces  and/or  stabilizes  secondary  structure 
in  ATIII  [5-7],  The  elucidation  of  the  molecular  details  of  this  conformational 
change  is  necessary  to  design  synthetic  anticoagulants  which  act  in  a  more  specific 
nature  than  naturally  derived  heparin.  We  report  herein  our  results  using  synthetic 
peptides  derived  from  a  putative  heparin  binding  site  on  ATIII  to  model  the 
interaction  of  heparin  and  ATIII. 

Results  and  Discussion 

Two  peptides,  ATIII(  123—1 39)  and  ATIII  Random,  were  synthesized  manually 
using  a  standard  FMOC  protection  scheme  on  the  duPont  Rapid  Amide  Resin. 
Both  peptides  were  purified  using  preparative  RPHPLC  and  characterized  using 
AAA,  'H  NMR  and  FABMS.  The  sequence  of  peptide  ATIII(  123—139)  is  derived 
from  residues  123-139  of  human  ATIII.  Chemical  labeling  studies  as  well  as 
analyses  of  proteolytic  fragments  of  ATIII  have  implicated  this  region  of  the 
protein  in  heparin  binding  [8,9].  Because  the  basic  amino  acids  are  found  every 
third  or  fourth  residue  and  would  therefore  segregate  on  one  face  of  a  helix, 
it  has  been  proposed  that  this  region  could  be  helical  in  the  presence  of  heparin 
[10,11].  In  order  to  test  this  hypothesis,  we  designed  the  peptide  ATIII  Random 
to  contain  the  same  amino  acids  as  ATIII(  1 23—  1 39)  but  with  permutations  in 
the  sequence  such  that  the  positively  charged  residues  would  be  eveply  distributed 
around  a  helical  structure  (Fig.  1). 

ATIII(  123—  1 39)  ch,conh-FAKLNCRLYRKANKSSK-conh: 

ATIII  Random  ch,conh-FKAKNCRLYRAKSSNLK-conh, 

hg.  I.  Structures  of  A  TIII( 123- 139)  and  A  Till  Random. 
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Circular  dichroism  spectroscopy  was  used  to  study  the  conformational  behavior 
of  the  peptides.  In  aqueous  media,  including  1M  salt  (sodium  chloride,  lithium 
perchlorate  or  sodium  sulfate)  or  high  pH  (0.1  M  NaCl,  pH  13),  both  peptides 
exist  as  a  random  ensemble  of  conformations.  In  trifluoroethanol,  both  peptides 
adopt  a-helical  conformation.  In  the  presence  of  heparin,  ATIII(123-139)  adopts 
a  stable  conformation,  while  ATIII  Random  does  not  (Fig.  2).  Complex  formation 
was  saturable  and  sensitive  to  salt.  The  ATIII(123-139)-heparin  complex  con¬ 
tained  structure  resembling  a  /J-sheet  rather  than  an  a-helix. 

Two  other  sulfated  polysaccharides,  dextran  sulfate  and  chondroitin  6-sulfate, 
were  also  able  to  induce  ^-structure  in  ATIII(  1 23—  1 39),  but  not  ATIII  Random. 

Heparin  binding  to  ATIII  results  in  a  fluorescence  enhancement  of  the  protein 
due  to  a  change  in  the  environment  of  one  or  more  of  the  four  tryptophan 
residues  [7].  The  fluorescence  emission  of  the  ATIII-heparin  complex  was 
measured  in  the  presence  of  different  concentrations  of  peptide.  It  was  found 
that  ATIII(123— 139)  inhibits  the  ATIII-heparin  complex  at  lower  concentrations 
than  does  ATIII  Random.  For  example,  at  26  /nM  ATIII(  123—  1 39),  46%  of 
the  complex  (3.5  /xM  ATIII:  200  pM  heparin)  was  dissociated,  while  at  26  ptM 
ATIII  Random  only  18%  was  dissociated.  This  suggests  that  ATIII(  123—  1 39) 
recognizes  the  active  ATIII-binding  sequence  in  heparin. 

We  believe  that  small  synthetic  peptides  can  be  used  to  model  conformationally 
mobile  regions  on  the  surface  of  a  protein.  We  have  shown  here  that  a  peptide 
based  on  a  putative  heparin  binding  site  forms  a  stable  complex  with  heparin 
that  is  ionic  in  nature  and  dependent  on  the  peptide  sequence.  Furthermore, 
this  complex  contains  ^-structure  rather  than  a-helical  structure,  calling  into 
question  previous  structural  models  for  heparin  binding.  The  results  presented 
here  suggest  that  heparin  is  capable  of  inducing  non-native  structure  in  ATIII 
and  that  the  observed  interaction  represents  a  necessary  but  not  sufficient 
condition  for  the  activation  of  ATIII.  The  actual  binding  site  may  involve 


A.  ATIII  (123-139)  B-  ATm 


Fig.  2.  CD  spectra  of  ATIII(123-139)  and  ATIII  Random.  A.  CD  of  50  pM  peptide  +  2  mM  heparin. 
B.  CD  of  50  uM  peptide  +  CD  of  2  mM  heparin. 
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additional  residues  from  distal  portions  of  the  protein.  Studies  are  in  progress 
to  identify  the  detailed  molecular  structure  of  the  ATIII(123-139)-heparin 
interaction. 
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Introduction 

A  family  of  A/-formyl  Met  peptides  is  known  to  have  chemotactic  activity 
for  neutrophils  and  macrophages,  and  neutrophil  activating  potency.  The  SAR 
of  these  peptides  have  been  well-documented  [1].  Recently  structures  of  two 
fMLF  (HCO-Met-Leu-Phe-OH.  also  known  as  fMLP)  receptor  proteins  were 
determined  [2,3].  However,  analogs  which  can  discriminate  among  fMLF  receptor 
subtypes  has  not  yet  been  obtained.  For  better  understanding  of  the  SAR  of 
biologically  active  peptides,  one  approach  to  the  design  of  ligands  is  use  of 
a  conformational  constraining  factor.  It  was  proposed  that  there  are  a  hydrogen 
bonded  Met-Leu  0-turn  and  a  y-turn  centered  at  Leu  in  the  fMLF  molecule. 
It  was  suggested  that  the  conformation  of  Met-Leu  is  rigid  but  Phe  residue 
is  comparatively  flexible.  In  the  fMLF  structure,  the  Phe  side  chain  is  an  essential 
factor  that  can  not  be  replaced  by  any  other  structure.  Use  of  a  conformationallv 
constrained  Phe  analog  may  allow  better  development  of  a  selective  receptor 
ligand.  2,3-Methanoamino  acids,  conformationally  constrained  residues,  often 
display  remarkable  effects  because  the  cyclopropane  ring  constrains  the  peptide 
conformation  [4], 

In  the  present  studies,  conformationally  constrained  fMLF  analog  containing 
racemic  (E)-2,3-methanophenvlalanine,  HCO-Met-Leu-(  ±  )  VEPhe-OMe  was 
synthesized. 

Results  and  Discussion 

Synthesis  of  JPhe 

Mixture  of  ( 2S.3RY  and  (2/?,2S)-2,3-methanophenylalanine  having  the  E 
configuration  was  prepared  bv  addition  of  phenyldiazomethane  to  Cbz-AAla- 
OpNB  [5].  After  removal  of  pNB  ester,  a  small  amount  of  WPhe  was  purified 
by  silica  gel  chromatography  and  the  configuration  of  VEPhe  was  confirmed 
by  NMR  [6],  Final  deblocking  was  accomplished  using  TFA-thioanisole  to  avoid 
possible  destruction  of  the  cyclopropane  ring  during  hydrogenolysis. 
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Table  1  Biological  activities  of  [(±)  SJEPhe JfMLF  and  fMLF 


- — — 

Peptides 

EC50  (M) 

Selectivity* 

chemotaxis 

O;  production 

fMLF 

7.08x10- 10 

1.12xl0-» 

1.6 

[( ± )  VEPhe]fMLF-OMe 

5.00x10-" 

1.12xI(H 

22 

*  EC50  (Oj  productionVTCso  (chemotaxis). 


Peptide  synthesis 

The  synthesis  of  HCO-Met-Leu-(±)VEPhe-OMe  was  carried  out  by  the 
solution  method.  The  dipeptide,  Boc-Leu-(±)VEPhe-OMe  was  obtained  by  the 
mixed  anhydride  method.  After  coupling  Boc-Met-OH  with  the  dipeptide  using 
EDC-HOBt,  the  Boc  group  was  replaced  by  a  HCO  group  and  the  product 
was  purified  by  HPLC  (Vydac  C4, 0.05%  TFA-acetonitrile).  The  peptide  structure 
was  confirmed  by  NMR  and  AAA. 

Chemotactic  activities  of  synthetic  peptides 
The  chemotactic  and  superoxide  production  of  synthetic  peptides  were  eval¬ 
uated  as  in  reference  [7]. 

Racemic  [(±)VEPhe3]fMLF-OMe  exhibits  a  chemotactic  activity  as  large 
as  fMLF,  but  is  10  times  less  active  in  superoxide  production.  Thus,  [( ± )  VEPhe3]- 
fMLF-OMe  is  20-fold  more  selective  for  the  chemotaxis  receptor  than  fMLF. 
[  VzPhe]fMLF-OMc  has  been  reported  as  an  active  analog  in  superoxide 
production  [8].  These  results  may  suggest  that  E-configuration  of  phenyl  ring 
is  preferred  for  the  chemotactic  receptor  and  while  the  Z-configuration  is  favorable 
for  superoxide  production. 

Further  studies  of  [VEPhe3]fMLF  receptor  discrimination  are  in  progress  in 
our  laboratories. 
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Introduction 

A  number  of  peptides  and  proteins  such  as  C5a,  fMLF  (also  known  as  fMLP) 
and  Interleukin  8  exhibit  biological  activity  as  chemoattractants  in  inflammatory 
sites.  In  addition  to  the  directed  migration  of  cells,  these  stimulants  induce  a 
variety  of  coordinated  biochemical  and  cellular  responses  in  neutrophils  and 
macrophages.  Among  these  chemoattractants,  fMLF  is  the  most  widely  inves¬ 
tigated  [I].  It  was  suggested  that  there  are  two  classes  of  fMLF  receptors  in 
HL-60  cells  [2].  In  order  to  elucidate  the  relationship  between  biological  activity 
and  receptor  systems,  the  effective  ligands  which  discriminate  the  receptor 
subtypes  have  been  required.  Dimeric  analog  often  showed  remarkable  activity 
and  high  receptor  selectivity  for  the  opiate  receptors  [3]. 

In  the  present  studies,  we  have  synthesized  dimeric  tripeptide  chemoattractants 
(DTCn;  Fig.  1)  and  evaluated  their  biological  activities  for  human  neutrophils. 

HCO-Met-Leu-Phe-NH 

<CHj)n 

HCO-Met-Leu-Phe-NH  DTCn  n=2,4,6,8,10,  and  12 

CO-Met-Leu-Phe-OH 

(QHzh 

CO-Met-Leu-Phe-OH  N-DTC2 

Fig.  1.  Structures  of  dimeric  chemotactic  peptides. 

Results  and  Discussion 

Peptide  synthesis  was  carried  out  by  conventional  solution  methods.  Mono¬ 
meric  fragment,  Boc-Met-Leu-Phe-OH  was  directly  dimerized  with  diaminoal- 
kane  by  EDC-FIOBt  [3].  N-DTC2  was  synthesized  by  a  two-step  procedure  [4]. 
All  synthetic  peptides  were  confirmed  by  NMR,  TLC,  HPLC,  and  AAA.  Chemo¬ 
tactic  activity  was  evaluated  as  migrated  cell  number  and  superoxide  anion  release 
was  measured  as  superoxide  dismutase  inhibitable  reduction  of  cytochrome  c. 
The  monomer,  fMLF  was  used  as  the  positive  control.  The  experimental 
procedures  were  performed  as  in  [5], 

All  dimers  cross-linked  through  the  C-terminus  exhibited  high  activities. 
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however,  Suc-bis[Met-Leu-Phe-OH]2  is  almost  inactive  in  both  assays.  This 
suggests  that  N-terminal  HCO  group  is  one  of  the  essential  factors  for  the 
biological  activities  of  formyl-methionyl  peptides.  The  C-terminal  cross-linked 
species  were  favorable  ligands  for  the  characterization  of  fMLF  receptors.  A 
series  of  DTCn  could  be  classified  into  two  groups;  one  group  consisting  of 
DTC>  4 ,  and  6  showed  high  superoxide  radical  production  (EC50,  0.5-2. 5  x  10~13 
M;  fMLF, !  .0  x  10-9  M)  and  the  other  consisting  of  DTCS  10and  12  strongly  enhanced 
cnemotactic  activity  (EC?0,  5.0  x  10-L,-3.0x  10-14  M;  fMLF,  8.9  x  1010  M).  The 
results  support  the  conclusion  that  at  least  two  different  receptors  induced  the 
signal  transduction  systems  function  in  human  neutrophils  and  that  our  syn¬ 
thesized  peptide  ligands  can  effectively  discriminate  between  these  two  receptor 
types. 
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Introduction 

Determination  of  sites  on  endotheiin-I  (ET-I)  which  are  preferable  for 
biotinylation  was  assessed  by  acetylation  of  individual  amino  groups  and 
quantitation  of  analog  potency.  Acetylation  of  both  ET-1  amino  groups  (N- 
terminus  and  Lys9  side  chain)  had  been  reported  to  result  in  a  200-fo!d  decrease 
in  contractile  activity  on  guinea  pig  pulmonary  artery  ring  preparation  [1], 
Incorporation  of  more  bulky  groups,  such  as  biotin,  would  be  expected  to  reduce 
further  the  biological  activity  of  ET-1.  A  biotinylated  ET-1  molecule  which  retains 
activity  may  be  useful  as  a  probe  for  characterization  and  imaging  of  endothelin 
receptor  populations. 

Results  and  Discussion 

ET-1  and  acetyiateu  analogs  were  synthesized  by  SPPS  [2]  employing  Boc- 
benzvl  protecting  groups  [3],  except  that  the  base-labile  FMOC  group  was 
employed  for  protection  of  Lys9  side  chain  to  allow  deprotection  and  modification 
prior  to  HF  cleavage.  Purity  and  composition  of  ET-1  and  acetylated  or 
biotinylated  analogs  were  confirmed  by  HPLC.  AAA  and  sequencing.  ET-1  and 
ET-1  acetylated  with  acetic  anhydride  at  both  amino  groups,  AcET-l[AcK9], 
had  similar  potency  (EC5O  =  0.3  to  0.5  nM)  in  isolated  Ringer’s-albumin-perfused 
guinea  pig  lungs.  However,  in  vascular  strips  (pulmonary  artery,  carotid  artery 
and  aorta),  AcET-l[AcK9]  lacked  contractile  activity  at  concentrations  up  to 
100  nM  whereas  ET-1  had  a  potency  of  ECW=  1.46  nM.  These  data  suggest 
that  ET-1  receptor  populations  in  the  intact  lung  and  isolated  vasculature  may 
differ  and  that  ET-l  modified  at  a  preferred  site  would  be  generally  more  useful. 

Contractile  activity  of  ET-1  acetylated  analogs  in  carotid  artery  strips  had 
the  following  order  of  potency:  ET-1 »  ET-lf  AcK9]  >  AcET-1  >  AcET-l[AcK9] 
(Fig.  1).  Thus.  ET-1  was  biotinylated  at  Lys9  (rather  than  the  N-terminus  or 
both  sites)  to  minimize  activity  loss.  Binding  of  ET-l[BtK9]  to  various  rat  tissues 
was  visualized  following  incubation  with  FITC-streptavidin  and  analysis  by  light 
microscopy.  Specific  binding  was  detectable  in:  aortic  smooth  muscle  cells  (Fig. 
2);  mesangial  ceils  and  fixed  kidney  preparations  (data  not  shown). 
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Fig.  1.  Activity  of  ace  ty  la  ted  analogs  of  ET- 
1  in  carotid  artery  preparation.  Changes  in 
isometric  force  due  to  contraction  of  the  vascular 
strips  were  measured  and  are  expressed  as  per¬ 
cent  maximal  ET-1  response  ±SEM  (n  —  4). 


InM  ET-1  [BtK9)  InM  ET-1  (BtK9l 

lOOnM  ET-1 


Fig.  2.  ET-l  binding  sites  on  rat  aortic  smooth 
muscle  cells.  Rat  aortic  smooth  muscle  cells  were 
grown  on  glass  cover-slips  followed  by  incubation 
with  1  nM  ET-l[BtK]in  the  presence  or  absence 
of  IOO  nM  ET- 1.  Binding  was  visualized  by  light 
microscopy  following  incubation  with  FFTC- 
streptavidin.  Differences  are  significant.  p< 
O.OOI.  as  determined  by  Student's  t  test. 


In  summary,  ET-1  biotinylated  at  Lvs9  side  chain  may  be  superior  to  ET- 
1  biotinylated  at  either  the  N-terminus  or  both  amino  groups  and  may  provide 
a  useful  tool  for  visualization  and  study  of  ET-1  receptor  populations. 
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Introduction 

We  have  designed  and  biologically  characterized  an  analog  of  a-melanocyte 
stimulating  hormone  (a-MSH)  with  the  following  structure:  Ac-Ser-Tyr-Ser-Nle- 
Glu-His-D-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2  [l].  The  hormone  analog  is  su- 
perpotent,  prolonged  acting  [2]  and  is  resistant  to  inactivation  by  sera  and 
proteolytic  enzymes  [3].  This  peptide  stimulates  various  pigmentation  in  the 
mouse  when  administered  topically  or  when  injected  subcutaneously  [4],  The 
meianotropic  peptide  could  also  be  delivered  passively  across  human  skin  [5]. 
Following  FDA  and  Human  Subjects  Committee  approval,  the  peptide  was 
delivered  by  subcutaneous  injection  to  human  volunteers  in  a  phase- 1  clinical 
trial  [6]. 

Results  and  Discussion 

The  peptide  was  injected  subcutaneously  10  times  over  12  days  into  26  men, 
11  of  whom  gave  a  history  of  poor  tanning  (skin  types  I— II)  and  15  of  whom 
tanned  easily  (skin  types  III— IV).  Skin  darkening  was  quantified  by  serial 
chromaticity  measurements  prior  to,  during  and  after  therapy.  In  this  double¬ 
blind  study  all  subjects  were  given  sunscreens  to  use  during  the  course  of  the 
trial.  All  subjects  receiving  the  meianotropic  peptide  exhibited  tanning  of  some 
areas  of  the  skin,  particularly  the  face  and  neck.  This  was  documented  by  clinical 
photographs.  The  extremities  also  darkened  (p  < 0.01)  in  the  type  III— IV  men. 
Peak  color  change  occurred  1-3  weeks  after  therapy  was  completed.  The  placebo- 
treated  subjects  did  not  darken  and  in  some  body  sites  became  lighter.  This 
suggests  that  the  subjects  were  compliant  in  using  effective  sunscreens  during 
the  course  of  the  study.  A  synergistic  effect  of  sunlight  and  the  melanotropin 
could  account  for  a  portion  of  the  changes  noted,  but  there  is  no  direct 
experimental  evidence  to  support  this  hypothesis.  It  is  also  possible  that 
melanocytes  previously  stimulated  by  ultraviolet  light  are  more  responsive  to 
subsequent  hormonal  stimulation.  Blood  chemistry  (including  plasma  cortisol 
and  hemograms)  and  urinalysis  taken  during  the  study  revealed  no  changes  in 
these  modalities  from  baseline  levels.  The  side  effects  of  the  peptide  noted  in 
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some  individuals  (flushing  and/or  anorexia)  were  mild  and  well-tolerated.  Plasma 
samples  obtained  from  these  subjects  exhibited  prolonged  in  vitro  melanotropic 
activity  (like  the  parent  peptide  before  injection)  as  determined  by  bioassay 
suggesting  that  the  analog  was  structurally  intact  and  had  not  been  degraded 
in  the  blood.  The  kinetics  of  delivery  was  further  evaluated  by  determining  the 
melanotropic  activity  of  the  urine  from  the  volunteers  collected  at  a  number 
of  times  post-injection.  Urine  melanotropic  activity  revealed  a  lack  of  prolonged 
activity  suggesting  that  the  peptide  may  have  been  structurally  altered,  possibly 
during  excretion  by  the  kidneys.  HPLC  revealed  that  the  biologically  active 
peak  was  not  identical  to  that  of  the  analog. 

Increased  integumental  pigmentation  is  a  cardinal  symptom  of  Addison’s 
disease  due  to  elevated  levels  of  one  or  more  melanotropic  peptides  (e.g.,  ACTH, 
J3-LPH).  Injections  of  pituitary  extracts  [7,8]  and  synthetic  MSH  [9]  also  enhance 
pigmentation  of  human  skin.  The  present  results  further  document  the  pigmen- 
togenic  potential  of  melanotropic  peptides.  Clinical  trials  using  increased  con¬ 
centrations  of  the  melanotropic  peptide  are  presently  in  progress.  Initial  results 
indicate  a  dose-related  increase  in  skin  pigmentation.  Alternate  routes  of  delivery 
are  also  being  explored.  For  example,  enhanced  delivery  of  the  melanotropic 
peptide  through  human  skin  has  been  accomplished  by  iontophoresis  (data  not 
shown). 

These  results  demonstrate  the  efficacy  of  a  melanotropic  peptide  in  effecting 
‘tanning  without  the  sun'.  In  the  face  of  an  increased  deterioration  of  the  ozone 
layer,  the  ability  to  increase  the  degree  of  skin  pigmentation  by  a  peptide  may 
prove  important  as  a  photoprotective  strategy. 
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Introduction 

With  the  success  of  chemical  syntheses  and  purification  of  large  polypeptides 
(>50  amino  acid  residues)  attention  now  focuses  on  developing  protocols  to 
correctly  fold  these  products  to  generate  species  with  high  levels  of  bioactivity. 
The  art  of ‘breathing  life*  into  these  molecules  requires  denaturation/renaturation, 
reduction/oxidation  of  sulfhydryls  and  assembly  of  holoproteins  from  apo-forms. 
We  outline  herein  some  of  the  strategies  employed  to  assemble  metalloproteins 
with  activities  essentially  identical  to  that  of  their  native  counterparts. 

Results  and  Discussion 

Solid-phase  synthesis  has  been  used  to  generate  the  following  apo-metallo- 
proteins:  poplar  leaf  plastocyanin  (Cu2+  a.a.),  spinach  leaf  plastocyanin  (Cu2+ 
99  a.a.),  wild  type  and  a  His2  mutant  of  Clostridial  ferredoxin  (2|4Fe-4S}  55 
a.a.),  a  full  length  and  a-cluster  for  rabbit  metallothionein  (Cd2+,  61  a.a.  and 
31  a.a.).  These  proteins  have  been  synthesized  using  preactivated  hydroxyben- 
zotriazole  esters  on  an  Applied  Biosystems  model  431  automated  synthesizer. 
Highly  substituted  resins  are  used  but  only  the  most  accessible  sites  are  utilized 
to  generate  a  low  substitution/high  accessibility  resin.  Multiple  couplings  are 
employed  to  give  overall  yields  in  excess  of  99%  per  residue.  N-Boc-S-acet- 
amidomethyl-L-cysteine  is  used  routinely.  The  Acm  protecting  group  is  stable 
during  HF  cleavage  and  easily  removed  after  HPLC  purification.  This  group 
greatly  aids  by  preventing  the  formation  of  apparently  non-native/non-reducible 
disulfide  bonds  for  thiol-rich  polypeptides  during  the  purification  and  folding 
steps. 

The  proteins  are  purified  to  homogeneity  by  rechromatographing  several  times 
on  HPLC.  The  purity  is  confirmed  by  PAGE-SDS  (Novex  16%  tricine  gels) 
and  CZE.  The  purified  proteins  are  characterized  by  both  amino  acid  sequence 
and  composition.  A  comparison  between  high  loading  and  low  loading  resins 
was  made.  A  minor  increase  in  coupling  efficiencies  was  noted.  More  importantly, 
the  final  cleaved  products  of  the  low  loading  resins  were  much  more  soluble 
and  subsequently  easier  to  purify  with  HPLC  protocols. 

The  purified  Acm-cysteine  containing  apo-proteins  are  then  folded  and  the 
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metals  or  metal  clusters  reconstituted  simultaneously.  The  Acm-group  is  removed 
by  either  low  pH  treatment  in  denaturant  or  in  the  presence  of  mercurial  salts 

[1] .  The  choice  of  protocols  is  dependent  upon  the  affinity  of  the  metal  being 
reconstituted  relative  to  the  binding  affinity  of  the  mercury  ion.  The  deprotected 
protein  is  denatured  in  8  M  GdnHCl  containing  a  20  x  molar  excels  of 
dithiothreitol  at  pH  8.0.  The  protein  is  then  dialyzed  against  Gdn  HCl  (2.0  M) 
and  the  metal  or  metal/sulfur  clusters  are  added  in  a  50  x  molar  excess. 

The  GdnHCl  and  excess  metal  are  then  removed  by  dialysis  and  the  holoprotein 
purified  by  either  sizing  or  ion  exchange  chromatography. 

Biophysical  data  has  been  collected  on  both  the  synthetic  wild  type  and  His? 
mutant  of  ferredoxin  as  well  as  both  the  full  length  and  a-cluster  of  rabbit 
metallothionein.  The  visible  and  CD  spectra  of  all  of  these  species  were  virtually 
identical  to  those  obtained  for  the  naturally  occurring  molecules.  The  EPR  spectra 
of  the  reduced  synthetic  ferredoxins  (WT  and  His2)  both  displayed  two  spin- 
coupled  (4Fe-4S)  clusters.  The  reduction  potentials  for  WT-native  and  WT- 
synthetic  Fd  were  identical  and  100  mV  more  positive  than  other  synthetic  Fds 
that  were  >  12  amino  acid  residues  shorter  in  length  suggesting  that  full  length 
is  required  for  a  native  conformation  and  redox  potential  for  the  Fe :  S  clusters 

[2] ,  The  Hisi  mutant  displays  a  51  mV  difference  in  its  reduction  potential  at 
pH  extremes  (WT-synthetic  Fd  displays  only  an  8  mV  difference).  This  change 
in  potential  is  in  good  agreement  with  the  calculated  electrostatic  potential 
differences  between  the  ionized  states  of  the  His:  site. 

The  synthetic  rabbit  metallothionein  shows  an  SH/Cd  ratio  of  2.40  which 
compares  well  with  the  theoretical  value  of  2.86  which  corresponds  to  the  20SH/ 
7  Cd.  mCd  NMR  confirms  these  results.  The  a-cluster  contains  4  Cd  sites  which 
is  the  expected  value. 

The  high  degree  of  similarity  between  the  synthetic  and  native  materials  suggests 
that  these  synthetic  molecules  possess  tertiary  structures  identical  to  those  of 
the  native  protein.  Correct  folding  of  the  holoprotein  is  facilitated  by  appropriate 
metal  ions  functioning  as  nucleating  centers. 
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Introduction 

Melittin,  a  26-residue  peptide  that  is  the  main  component  of  bee  ( Apis  mellifera) 
venom,  is  known  for  its  marked  cytolytic  activity,  although  the  mechanism  of 
action  of  membrane-bound  melittin  remains  uncertain.  In  these  studies,  we  have 
evaluated  the  impact  of  each  region,  as  well  as  of  each  residue,  on  melittin’s 
hemolytic  activity  using  complete  sets  of  omission  and  substitution  analogs. 

Results  and  Discussion 

Upon  investigating  the  effect  on  melittin’s  hemolytic  activity  of  individually 
omitting  residues  [1]  or  replacing  each  residue  with  a  leucine  [2],  several  specific 
elements  were  found  to  be  necessary  for  lytic  activity  to  occur.  These  include 
a  hydrophobic  N-terminal  region,  a  tryptophan  at  position  19,  a  lysine  at  position 
7,  and  the  ability  to  be  induced  into  an  amphipathic  a-helical  conformation. 

While  a  key  role  for  the  indole  of  Trp19  was  supported  by  decreases  in  activity 
found  upon  substituting  this  residue  with  hydrophobic  or  aromatic  amino  acids, 
the  relative  hemolytic  activities  of  substitution  analogs  at  position  7  showed 
that  a  positive  charge  at  this  position  was  not  necessary  for  lysis  to  occur.  Notably, 
substitution  of  Lys7  with  tryptophan  lead  to  a  2.5-fold  increase  in  hemolytic 
activity  compared  to  melittin.  These  results  indicate  the  role  for  the  tryptophan 
residue  in  the  peptide/membrane  interactions  and/or  lysis  of  the  red  biood  cells. 

The  replacement  with  lysine  of  any  of  the  residues  located  on  the  hydrophobic 
side  of  the  a-helix  (L,V,I,W)  yielded  dramatic  decreases  in  hemolytic  activity. 
A  general  correlation  was  found  between  these  decreases  in  hemolytic  activity 
and  decreases  in  retention  times  during  RPHPLC  (Fig.  1).  The  correlation  found 
in  earlier  studies  [3]  between  decreases  in  retention  times  and  in  amphipathicity 
support  the  role  of  amphipathicity  in  melittin’s  hemolytic  activity. 

Our  results  are  consistent  with  a  requirement  for  amphipathicity  in  order 
for  melittin  to  bind  to  erythrocytes,  which  is  a  common  feature  of  all  models 
proposed  for  the  orientation  of  membrane-bound  melittin  [4],  However,  the 
increased  activity  found  upon  substituting  Lys7  with  a  tryptophan,  along  with 
the  lack  of  necessity  for  a  positively  charged  residue  at  this  position,  contrasts 
with  the  formation  of  ion-permeable  channels  through  the  membrane  upon  a 
tetrameric  association  of  melittin  monomers.  The  increased  activity  observed 
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%  Hemolysis  Retention  Time 


Fig.  1.  Correlation  between  RT  and  hemolysis  of  K  substitution  analogs.  AH  peptide  analogs  were 
synthesized  using  SMPS  methodology  [5]  The  hemolytic  activity  of  the  analogs  was  determined  at 
peptide  concentration  of  100  pg/ml  using  a  2.5%  solution  of  RBC  in  PBS.  0%  and  100%  hemolysis 
were  determined  by  suspension  of  RBC  in  PBS  and  Triton  1%.  respectively.  The  retention  times  were 
determined  using  a  I %  gradient  increased  (solvent  A:  If  0/0.05%  TFA.  solvent  B:  CH,CN/0.05% 
TFA).  The  correlation  coefficient  is  r:  0.862.  Me!=  melittin  sequence. 


when  either  omitting  or  substituting  Pro14,  combined  with  the  activity  found 
upon  replacing  the  ‘hinge’  region  residues  with  alanine,  suggest  that  flexibility, 
required  for  the  ‘wedge-like’  conformation  model,  is  not  necessary  for  the 
hemolytic  activity  to  occur.  Finally,  the  importance  of  the  hydrophobic  N-terminal 
region  and  of  an  overall  amphipathicity,  combined  with  the  specific  role  for 
Trp19  for  melittin’s  activity,  agree  with  the  existing  model  in  which  melittin. 
in  an  amphipathic  surface  interaction,  initially  forms  ‘holes’  into  the  membrane 
followed  by  an  internalization  driven  by  hydrophobic  forces.  A  reopening  of 
the  membranes  would  then  occur  through  electrostatic  interactions  between  the 
C-terminal  residues  and  the  negative  charges  of  the  inner  membrane,  resulting 
in  the  further  lysis  of  the  cells. 
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Introduction 

PYLJ  (peptide  TvrJ  euNH2)  is  a  24-amino  acid  peptide  (Table  1  footnotes) 
which  was  predicted  to  occur  in  the  skin  secretions  of  the  African  clawed  toad, 
Xenopus  laevis[  1].  Although  PYLa  has  not  been  isolated,  its  presumed  processing 
product,  PGL*  (i.e.,  PYLa(4-24)),  has  been  isolated  from  skin  secretions  [2]. 

When  arranged  in  an  a-helical  configuration,  the  PYL*  structure  is  highly 
amphipathic  [1].  Certain  peptides  that  are  capable  of  forming  amphipathic  helices 
[e.g.,  melittin,  the  bee  venom  toxin  (Table  1  footnotes)]  have  cytotoxic,  bac¬ 
tericidal,  and  lytic  effects,  and  this  led  to  the  prediction  that  PYL*  would  exhibit 
such  effects  [1].  However,  a  report  in  the  literature  indicated  that  it  had  no 
bioactivity  [3].  Current  theory  indicates  that  precursor  forms  of  toxic  peptides 
are  non-toxic  to  the  organism  in  which  they  are  synthesized  (e.g.,  prepromelittin 
[4]).  Synthetic  PYL*  and  PGL*  are  both  non-hemolytic  [2,5],  and  PGLa  is  a 
broad  spectrum  antimicrobial  agent  [5],  These  factors,  plus  the  small  difference 
(3  amino  acids)  in  the  sizes  of  PYL*  and  PGL*.  inspired  us  to  examine  PYL*’s 
antibacterial  properties.  PYL*  and  a  PYL*-melittin  hybrid  were  synthesized  by 
SPPS,  and  their  antibacterial  and  erythrocyte  lytic  activities  were  assayed  by 
previously  described  methods  (references  in  [6]).  The  hybrid  was  synthesized 
in  an  attempt  to  improve  upon  the  antibacterial  activities  of  PYL\  a  strategy 
that  proved  successful  in  our  previous  work  on  cccropin  A-melittin  hybrids  [6], 

Results  and  Discussion 

Table  1  includes  antibacterial  and  hemolytic  activities  for  PYL*  [PYL*(l-24)], 
melittin  [Me(l-26)],  the  PYLa-melittin  hybrid  [PYL*(15-24)Me(l-13)NH2],  ce- 
cropin  A  [CA(l-37)]  and  magainin  2  amide  [Mg2(l-23)NH2].  The  latter  two 
peptides  are  included  for  comparison  purposes  [6,7],  and  all  peptides  listed  are 
carboxyl-terminal  amides.  Small  values  of  the  lethal  concentration  (LC)  indicate 
high  antibacterial  potency,  and  large  values  of  LC  for  erythrocyte  lysis  (SRC, 
sheep  red  cells)  indicate  no  hemolysis.  In  contrast  to  the  earlier  report  [3],  these 
results  indicate  that  PYL*  does  have  antibacterial  activity,  and  they  confirm 
the  report  [2]  which  indicated  that  it  did  not  lyse  erythrocytes.  PYL*  was  not 
as  active  as  melittin  or  cecropin  A  against  Gram-negative  E.  coli  D21.  but  its 
activity  against  this  organism  was  comparable  to  that  of  magainin  2  amide, 
a  derivative  of  a  peptide  recently  found  in  frog  skin.  It  exhibited  somewhat 


435 


D.  Wade  el  al. 


Table  1  Lethal  concentrations  (pM)  of  peptides  with  bacteria  and  erythrocytes 


Peptide  amide 

D2I 

BS11 

SaCl 

Spl 

SRC 

PYLa(l-24)a 

6.0 

1.5 

1 30* 

2.3b 

>570 

Me(  l-26)b 

0.8 

0.2 

0.2 

0.5 

4-8 

PYLa(15-24)Me(l-13)NH2c 

2.0 

0.4 

5(8* 

0.9 

>570 

CA(l-37) 

0.2 

3.0 

>300 

5.0 

>200 

Mg2(  1-23)NHt 

4.0 

3.0 

300 

4.0 

300 

J  PYL*(  1-24):  Y-V-R-G-M-A-S-K-A-G-A-l-A-G-K-l-A-K-V-A-L-K-A-L(NHi) 
b  Mel  1-26):  G-I-G-A-V-L-K-V-L-T-T-G-L-P-A-L-1-S-W-I-K-R-K-R-Q-Q(NH\) 

'  PYL"(15-24)Me(l-l3)NH2:  K-I-A-K-V-A-L-K-A-L-G-I-G-A-V-L-K-V-L-T-T-G-L(NH2) 

1  Flat  concentration  dependence;  values  difficult  to  interpret. 

better  activity  than  cecropin  A  and  magainin  2  amide  against  the  Gram-positive 
organisms.  Bacillus  subtilis  (Bs  11),  Staphylococcus  aureus  (SaCl),  and  Strepto¬ 
coccus  pyogenes  (Sp  1).  The  fact  that  both  PYLa  and  PGLa  [5]  exhibited  similar 
bioactivities  may  indicate  that  the  Y-V-R  prosequence  of  PYLa  is  not  crucial 
for  its  activity. 

The  PYLa-melittin  hybrid  was  more  active  than  PYLa  against  all  organisms 
tested,  and  it  is  the  second  hybrid  that  we  have  developed  where  inclusion  of 
the  Me(l-13)  sequence  resulted  in  improved  antibacterial  activity,  without 
accompanying  hemolytic  activity.  Both  this  peptide  and  the  previously  reported 
cecropin-melittin  hybrid,  CA(l-13)Me(l-13)NF2,  contain  the  amphipathic- 
flexible-hvdrophobic  sequence  arrangement  found  in  the  cecropins.  which  is 
necessary  for  high  antibacterial  activity  in  cecropin-like  peptides  [6].  Me(  1  —  13) 
contributes  the  flexible-hydrophobic  segments. 
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introduction 

In  an  attempt  to  determine  which  conformational  parameters  are  important 
for  biological  expression  of  GRF  activity,  we  and  others  have  synthesized  and 
biologically  characterized  rat  [1]  or  human  [2,3]  GRF(l-29)-NH2  analogs  with 
substitution  of  each  amino  acid  by  its  corresponding  D-isomer.  Interestingly, 
the  secondary  structural  analysis  of  hGRF(l-29)-NH2  indicated  90%  a-helicity 
in  75%  MeOH  at  pH  6  or  20%  a-helicity  in  water  at  pH  3  with  the  helical 
portions  being  centrally  located  [4],  However,  circular  dichroism  studies  in  our 
laboratory  demonstrated  no  definite  correlation  of  a-helicity  and  biological 
potency  for  the  D-series  (unpublished  results).  In  order  to  maximize  a-helicity. 
we  introduced  an  a-aminoisobutvric  acid  (Aib)  residue  at  positions  previously 
identified  as  favorable  from  the  alanine  scan  which  is  also  described  here. 

Results  and  Discussion 

All  peptides  were  synthesized  by  standard  SPPS,  purified  by  RPHPLC  ( >95% 
purity)  and  characterized  by  AAA,  MS  and  optical  rotation.  CD  was  conducted 
in  an  aqueous  buffer  (5  mM  potassium  phosphate  and  50  mM  KC1,  pH  7.0) 
[5]  at  ambient  temperature  in  a  l  mm  cell  and  trifluoroethanol  (TFE)  was  added 
to  give  Final  TFE  concentrations  of  5.3%  to  21.7%.  Out  of  the  26  Ala-substituted 
analogs  synthesized,  10  analogs  showed  potencies  greater  than  100%,  and  none 
of  the  inactive  analogs  were  antagonists  when  tested  against  hGRF(l-40)-OH 
in  an  in  vitro  pituitary  cell  culture  assay  (Fig.  1).  Substitution  of  aromatic  or 
polar  residues  resulted  in  analogs  with  drastically  reduced  potencies.  Nine  Aib 
homologs  out  of  10  potent  Ala  analogs  were  synthesized  (Fig.  2).  Generally, 
the  potencies  of  the  Aib  analogs  were  similar  to  those  of  the  corresponding 
Ala  analogs  except  for  positions  8  (twofold  increase),  9  (twofold  decrease)  or 
15  (tenfold  decrease).  CD  spectra  (data  not  shown)  of  the  Ala  and  Aib  homologs 
registered  no  apparent  changes  in  the  overall  conformations  of  the  analogs. 
In  the  aqueous  buffer  solution  at  pH  7.0  the  peptides  existed  in  a  largely  random 
conformation  which  increased  in  helicity  as  TFE  was  added.  Comparison  of 
potencies  for  the  D-amino  acid  and  Ala  scans  indicated  parallel  potency  responses 
except  for  the  region  spanning  residues  5-8. 
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Fig.  I.  Relative  potencies  [6]  of  the  Ala  scan 
[\le-"/h  GRFf  l-29)-NH\ 


of  Fig.  2.  Relative  potencies  [6]  of  Aib- 

and  Ala-  substitution  o/  [\'le-"/hGRF 
<l-29)-NH:. 


The  present  studies  exemplify  the  systematic  approach  of  determining  which 
residues  are  most  critical  to  receptor  recognition  and  activation.  Ten  Ala- 
substituted  analogs  (mostly  replacing  hydrophilic  residues)  exhibited  equal  or 
greater  potency  than  hGRF(l-40)-OH  and  further  substitution  of  nine  of  these 
residues  by  Aib  conserved  activity  and  high  potency.  These  observations  suggest 
that  increasing  the  overall  a-helicity  and  hydrophobicity  in  the  parent  peptide 
hGRF(l-29)-NH2  may  be  a  necessary  but  not  sufficient  condition  for  improved 
GH  release. 
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Introduction 

Structure-activity  studies  of  glucagon  suggest  that  the  9  to  14  region  of  glucagon 
is  important  for  its  biological  activity  [1,2].  On  the  other  hand,  design,  synthesis 
and  conformational  studies  of  the  glucagon  analog  [Lys1718,  Glu12]glucagon 
indicated  that  its  superagonist  activity  was  the  result  of  enhanced  a-helical 
potential  in  the  C-terminal  region  [3].  To  further  examine  the  conformational 
features  of  glucagon  important  for  its  biological  activity,  we  have  designed  and 
synthesized  four  cyclic,  conformationally  restricted  analogs,  shown  in  Table  1. 

Results  and  Discussion 

Analogs  I  to  4  were  synthesized  by  the  SPPS  method  [4],  The  cyclic  lactam 
bridges  in  these  analogs  were  formed  on  the  resin  during  synthesis.  Dialysis, 
gel  Filtration  chromatography,  and  HPLC  were  used  for  purification.  The  analogs 
were  characterized  by  AAA,  TLC,  and  FABMS.  The  cyclic  lactam  formation 
was  further  confirmed  by  peptide  mapping. 

These  four  cyclic  glucagon  analogs  show  quite  different  binding  potencies 
and  adenylate  cyclase  activities  (Table  1).  Compared  to  glucagon,  all  four  cyclic 


Table  1  Receptor  binding  and  adenylate  cyclase  activities  of  glucagon  amide  analogs  in 
rat  liver  plasma  membranes 


No. 

Analog 

Receptor  binding 

Adenylate  cyclase 

IC<o  (nM) 

Potency  (%) 

EC<o  (nM) 

Potency  (%) 

Max.  stim.(%) 

Glucagon 

1.15 

100 

5.0 

100 

100 

1 

[Asp'',  Lys 1 :  J 

128.0 

1.2 

up  to 

20/iMa 

0 

2 

[Lys,:.  Asp1'] 

2.5 

1200 

60.0 

0.13 

up  to 

50  mM3 

0 

3 

[Asp15.  Lvsl8| 

1500 

0.10 

- 

up  to 

20  /iM1 

0 

4 

[Lys'7.  Lvs'5.  GluJ'l 

54.0 

2.8 

320.0 

1.6 

60 

J  No  adenylate  cyclase  activity  up  to  concentration  given. 
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Fig.  I. 


—  Q —  glucagon 

*  ■Q"  *w9.ly«,J 

•  o  15 


lys  Lyy  .Giu 


(  ircular  dichroisni  of  glucagon  and  its  amide  analogs  in  terms  of  a-helical  percentage. 


analogs  have  decreased  binding  potencies.  This  could  be  the  direct  result  of 
changes  in  the  conformational  properties  necessary  for  receptor  recognition. 

Glucagon  is  known  to  have  80%  a-helix  content  in  the  crystal  structure  and 
the  C-terminal  is  predominantly  an  amphiphilic  helix  [5].  In  dilute  solution, 
however,  there  is  a  lack  ol  defined  structure  [6].  This  suggests  that  there  may 
be  a  stepwise  conformational  changes  taking  place  during  the  glucagon-receptor 
binding  process.  In  the  case  of  the  cyclic  analogs,  which  cover  the  9-21  region, 
we  have  found  that  the  a-helical  content  is  greatly  reduced  compared  to  that 
seen  for  glucagon  when  trifluoroethanol  is  added  (Fig.  1). 

Analog  1  and  4  show  better  binding  potencies  compared  to  2  and  3.  These 
results  suggest  that  there  are  stabilized  reverse  turn  structures  (or  a-helix 
structures)  in  the  9-12  and  18-21  region  but  not  in  the  12-18  region  of  glucagon. 
Instead,  the  12-18  region  needs  to  be  flexible  enough  so  that  it  can  assume 
a  specific  conformation  which  is  important  for  molecular  recognition  and 
transduction. 

We  conclude  that  the  9-21  region  of  glucagon,  especially  the  12-18  region, 
should  have  a  certain  degree  of  flexibility  and  be  able  to  maintain  a  high  level 
of  a-helical  potential  in  order  to  interact  strongly  with  the  glucagon  receptor 
and  transduce  the  message. 
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Introduction 

Amylin  ( 1  ]  is  a  37-amino  acid  peptide  which  ha  marked  effects  on  carbohydrate 
metabolism  in  vitro  and  in  vivo.  For  instance,  amylin  inhibits  uptake  of  glucose 
into  glycogen,  and  promotes  glycogenolysis  in  isolated  skeletal  muscle  [2].  We 
have  proposed  that  a  defect  in  amylin  homeostasis  contributes  to  the  pathology 
of  diabetes  including  insulin  resistance  and  the  development  of  type  2  diabetes 
[l].  We  have  also  proposed  that  an  amylin  deficiency  contributes  to  the  defective 
glucose  counterregulation  and  the  excessive  tendency  to  hypoglycemia  seen  in 
type  1  diabetes.  Support  for  this  includes  the  amylin  deficiency  observed  in 
animal  models  of  type  1  diabetes  including  the  diabetic  BB/Wor  rat  [3]. 

Amylin  requires  both  an  intact  intramolecular  disulfide  bond  and  a  C-terminal 
amide  to  exert  its  full  biological  activity  on  glycogen  synthesis  in  skeletal  muscle 
[41.  We  have  studied  the  SAR  of  human  amylin  (h  amylin)  to  further  understand 
the  role  of  'he  N-terminal  loop  for  amylin  activity. 

Results  and  Discussion 

We  developed  a  synthetic  protocol  for  the  preparation  of  amylin  since 
examination  of  a  variety  of  chemically  produced  amylin  preparations  revealed 
substantial  variability  in  biological  activity.  We  found  that  assembly  of  h  amylin 
using  Boc-chemistry,  double-couplings  and  the  NMP/DMSO/DIEA  (Applied 
Biosystems  Inc.)  solvent  system  with  capping,  provided  a  greater  amount  of 
h  amylin  than  a  synthesis  done  in  DMF.  Attempts  to  form  the  amylin  disulfide 
under  standard  conditions  led  to  a  complex  mixture  of  peptides.  Presumably 
this  was  due  to  the  propensity  of  amylin  to  aggregate  favoring  intern. olecular 
rather  than  intramolecular  disulfide  formation.  We  found  that  thallic  trifluoro- 
acetate  [5]  effectively  deprotected  and  oxidized  the  Cys(Acm)  residues  of  amylin 
while  they  were  bound  to  the  resin  [6]  thus  favoring  intramolecular  disulfide 
formation,  h  Amylin  was  purified  by  RPHPLC  to  furnish  peptide  with  a  purity 
of  96%  by  RPHPLC  which  gave  the  expected  amino  acid  ratios  and  molecular 
ion  and  had  an  activity  (1.6  nM)  in  the  rat  soleus  muscle  assay  that  was  very 
similar  to  that  of  amylin  isolated  from  human  pancreases  (1.0  nM). 

We  successfully  used  the  same  synthetic  approach  to  prepare  the  analogs  listed 
in  Table  I  with  the  exception  of  [Asp2,Lys7]h  amylin  which  was  cyclized  according 
to  the  technique  of  Felix  et  al.  [7]  to  furnish  the  lactam  form  of  amylin. 
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Table  1  Structure  and  activity  of  cyclized  human  amylin  and  analogs 

Name  Sequence  EC<n  in  soleus 

muscle  assay  [2) 
(nM) 

l.oO 


44  4S 


J  No  amylin  agonist  activity  at  1000  nM. 


h  Amylin  KCNTATCATQRLANFLVHSSNNFGA1LSSTNVGSNTY-(NH2) 

Lactam  h  amylin  KDNTATKATQRLANFLVHSSNNFGAILSSTNVGSNTY-(NFF) 

[Daai4]h  amvlm  KC-Daa-ATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-(NH2) 

!  Daa4  'lb  amvlm  KCN-Daa-TCATQRLANFI  VHSSNNFGAII  SSTNVGSNTY-lNH.) 

(Daa‘  "(h  amylin  KCNT-Daa-CATQRLANFLVHSSNNFGAlLSSTNVGSNTY-lNHO 

! Leu:  :]h  armlin  KCNTATCATQRLANFLVHSSNNLGAILSSTNVGSNTY-|NH2) 

(Pro^lh  amylin  KCNTATCATQRLANFLVHSSNNFGAILSPTNVGSNTY-(NH,) 


Our  amylin  SAR  indicates  that  the  amylin  N-terminal  loop  can  be  increased 
in  size  and  contain  a  peptide  bond  in  the  place  of  a  disulfide  without  dramatically 
affecting  activity  in  the  soleus  muscle  assay.  To  investigate  the  importance  of 
the  residues  within  the  loop,  alkyl  chain  substitutions  were  made  within  the 
region  3-6  by  replacing  two  amino  acids  at  a  time  with  aminovaleric  acid  (Daa). 
It  was  found  that  the  side  chains,  peptide  bonds,  and/or  conformation  of  residues 
within  the  amylin  N-terminal  loop  are  crucial  for  amylin  activity  since  each 
of  the  Daa  analogs  lacked  amylin  activity. 

The  effect  of  single  amino  acid  substitutions  in  the  amylin  molecule  had  varied 
effects.  [Pro19]h  amylin  has  very  similar  activity  to  human  amylin  while  [Leu::']h 
amylin  is  less  active  than  amylin.  The  aromatic  residue  Phe33  in  h  amylin  may 
be  important  for  maintaining  the  fully  active  conformation. 
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Introduction 

Cholecystokinin  (CCK)  is  a  peptide  hormone  involved  in  the  regulation  of 
gall  bladder  contraction,  pancreatic  enzyme  secretion,  and  gastric  emptying. 
Exogenous  CCK  or  its  close  analogs  suppress  feeding  in  a  number  of  species, 
including  man,  and  endogenous  CCK  may  have  a  role  in  the  the  normal  satiety 
response.  As  part  of  our  effort  toward  development  of  anorectic  agents  based 
on  CCK,  we  investigated  the  structural  and  conformational  requirements  for 
activity  at  CCK-A  and  CCK-B  receptor  subtypes  using  des-NH2[Nle2-5]-CCK-7 
(1)  as  a  basis  for  further  modification  [1,2].  The  principal  focus  of  our  studies 
was  on  incorporation  of  conformational  restrictions  at  various  positions  in  the 
peptide  sequence  with  the  aim  of  influencing  subtype  selectivity  and  gaining 
information  about  the  bioactive  conformation(s)  of  the  peptide  at  the  two  receptor 
subtypes.  Compounds  were  prepared  by  standard  solution  phase  methodology 
or  by  SPPS  using  Merrifield  conditions;  sulfatations  were  carried  out  according 
to  the  literature  [2,3].  The  conformationally  restricted  amino  acids  in  analogs 
9  [4,5]  and  12  [6]  were  prepared  according  to  published  procedures,  and  biological 
assays  were  carried  out  as  described  previously  [7,8]. 

Results  and  Discussion 

A  number  of  conformational  restrictions  of  the  reference  peptide  were  found 
in  which  all  or  most  of  the  biological  activity  was  retained.  Of  interest  is  the 
NMeAsp  analog  (4),  which  displays  a  more  than  1000-fold  selectivity  for  binding 
to  the  CCK-A  receptor  and  is  a  potent  agonist  in  the  amylase  release  assay. 
Although  a  number  of  potent  and  selective  CCK-B  ligands  and  CCK-A  receptor 
antagonists  are  known,  4  appears  to  be  the  most  selective  CCK-A  agonist  reported 
to  date  with  subnanomolar  affinity  for  the  CCK-A  receptor  [9]. 

The  NMeLeu5  analog  (7)  shows  ca.  600-fold  selectivity  for  binding  to  the 
CCK-B  receptor,  a  finding  consistent  with  those  found  for  similar  modifications 
in  non-sulfated  and  pentapeptide  series  [10].  Incorporation  of  t3PP  at  position 
5  results  in  only  a  ca.  4-fold  loss  of  binding  potency  to  CCK-A  receptors  while 
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Table  1  Structure-activity  data  for  analogs  of  ( des-NH-)Tyr,(SO',)-Nle2-GlvJ-Trp-'-.Vle 
Asp*-Phe7-NH2(1) 


Receptor  binding,  IC50  (nM)'  Amylase 


Pancreas 

Cortex 

Pancreas 

Cortex 

ECcn  (nM)J 

1 

077*  0  05(3) 

0.5  ±  0.1  (31 

1.53 

0.66(1) 

2 

[NMePhe'l 

11.09*  0.28(41 

100  ±  '.6  (3) 

11.IO 

0.32  rO  1)4(3) 

3 

[  A-Phe'| 

5.3  ±  0.7  (3) 

S.7  *  0.1  (31 

0.62 

2,5  ; 0  4  ip) 

4 

|NMeAspn| 

0,50*  0.04(9) 

5'0  *90  (10) 

0  (KX)9 

0.99  *0.3' (4) 

5 

[H>p(SOi  r) 

15.5  ±  4.4  (3) 

143  ±27  (3) 

0.03 

6.2  (1) 

6 

f  Leu'  | 

47  *  1.0  (3) 

1.4  *  0.2  (3) 

3.3 

3  4  (I) 

7 

(NMeLeu'l 

142  *  15  (3) 

0.24  ±  0.09(4) 

625 

15.0  *5  ' 

8 

IPr.'  .NMePhe  | 

M2  '  1"  1  01 

15  9  *  5  2  (3) 

5.1 

os' ;  3  uMi- 

9 

[t3PP\NMcPhe  T 

4  2  t  0.9  (5) 

0.30 ±  0.04(7) 

14.3 

1  2  (2) 

10 

[  [>-Ala-'] 

SO. 8  ±  10.5  (31 

24.5  ±  16.8  (3) 

3.3 

ND 

11 

[NH-(CH;)4-CO;  \  Leu'l 

152  *  57  1 3) 

1.1  ±  0.1  (3) 

143 

145  (1) 

12 

132  ±  8  (3) 

14.6  ±62  (3) 

9.0 

94%  ( 1  |iM)c 

13  ! 

[Leu-) 

0.67 ±  0.22(3) 

0.59±  0.15(3) 

1.1 

0.69(1) 

14  | 

[o-Nle!] 

146  ±18  (3) 

7.9  ±  1.1  (3) 

18.5 

ND 

15  (Glv:] 

5.8  ±  0.7  (3) 

3.4  ±  0.9  (3) 

0.6 

ND 

16  [Pro'| 

2.1  ±  0.7  (3) 

3.1  ±  0.9  (3) 

1.5 

937  ( 10  nM)‘ 

17  [ProGiPP^.NMePhe'P 

’.3  ±  1.5  (3) 

0,9  ±  0.3  (3) 

8.3 

S3tr  (5  nM" 

18 

o^ckQ-^-co- 

23  r  6  (31 

'.7  *  3.2  (3) 

0.33 

1051'  1 20  nM)' 

19 

S99  *  '0  (3) 

32.5  ±  5.6  (3) 

0.04 

ND 

4  No.  of  experiments  indicated  in  parentheses. 

(3PP  =  trans-3-n-propyl-L-proline. 

EC50  not  determined:  data  show  '  stimulation  relative  to  CCK-X  at  indicated  dose. 


imposing  considerable  conformational  constraint  in  the  central  portion  of  the 
molecule.  Consistent  with  our  findings  in  the  CCK-tetrapeptide  series  [4],  t3PP 
at  this  position  is  highly  favorable  for  binding  to  cortical  receptors.  Other 
conformational  constraints  which  are  consistent  with  good  activity  at  CCK- 
A  receptors  are  dehydro-Phe  at  position  7  (analog  3),  Hyp(S)  at  position  6 
[11]  (analog  5),  Pro  at  position  2  (analog  16),  the  sulfated  /?-hydroxycinnamovl 
derivative  at  position  1  (analog  18),  and  the  combination  of  modifications  in 
analog  17.  The  low  requirement  (analog  15)  and  specificity  (analogs  13  and 
16)  for  a  side  chain  at  position  2  also  are  notable. 
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Introduction 

Mucins,  the  main  component  of  mucus  synthesized  by  glandular  epithelial 
cells,  are  high  molecular  weight  glycoproteins  rich  in  Thr,  Ser,  Pro,  Ala  and 
Gly.  60-80%  of  their  mass  is  constituted  by  carbohydrates  O-glycosidically  linked 
to  hydroxy  amino  acids.  Tumors  derived  from  glandular  epithelia  are  charac¬ 
terized  by  aberrant  mucin  glycosylation  patterns  which  lead  to  the  exposure 
of  epitopes  (peptide  and  carbohydrate)  that  are  normally  cryptic  [1,2].  Several 
genes  encoding  human  mucins  have  been  characterized  [3-5]  and  shown  to  have 
as  a  common  feature  the  presence  of  tandem  repeats  of  approximately  60  bp 
which  are  rich  in  codons  encoding  hydroxy  amino  acids.  Little  is  known,  however, 
about  tissue-specific  expression  of  such  genes  and  alterations  of  their  expression 
in  cancer  cells.  To  address  these  questions,  we  have  produced  mouse  mAbs 
after  immunization  with  deglycosylated  colon  cancer  mucin. 

Results  and  Discussion 

LS174T  colon  cancer  mucin  was  purified  from  mouse  xenografts  and  degly¬ 
cosylated  in  HF-anisole  (9:1)  for  3  h  at  rt.  Extensive  deglycosylation  was  evident 
from  lack  of  reactivity  with  anti-carbohydrate  antibodies.  Monoclonal  antibodies 
were  generated  in  BALB/c  mice  with  the  deglycosylated  material,  and  hybridoma 
LDQ10  was  selected  on  the  basis  of  its  strong  reactivity  with  fresh  colon  cancer 
tissues  and  lack  of  reactivity  with  connective  tissue  cells.  LDQ10  was  then  assayed 
against  fresh  frozen  sections  of  both  normal  and  tumor  tissues.  For  normal 
tissues,  reactivity  was  strong  with  goblet  cells  in  colon,  duodenum,  jejunum 
and  ileum,  less  intense  with  other  gastrointestinal  tissues.  Immunoelectron 
microscopy  using  Lowacryl-embedded  tissues  and  the  protein  A  gold  technique 
showed  labeling  in  the  rough  endoplasmic  reticulum  of  colonic  goblet  cells  and 
lack  of  labeling  of  mature  mucin  droplets.  These  results  suggest  that  the  epitope 
detected  by  mAb  LDQ10  becomes  cryptic  upon  glycosylation  in  the  Golgi 
complex.  In  cancer  tissues,  strongest  reactivity  was  found  for  colon  (19/27), 
with  stomach  (3/4),  pancreas  (6/11),  breast  (7/10)  and  bladder  (3/8)  giving  weaker 
reactions. 

Since  complete  chemical  deglycosylation  of  mucins  is  difficult  to  achieve  and 
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Table  1  Peptides  derived  from  human  mucin  gene  products 


Gene 

Tandem  repeat  sequence 

Peptides  synthesized 

MUC-1 

VTSAPDTRPAPGSTAPPAHG 

VTSAPDTRPAPGSTAPDTRPAPG  (C) 
VTSAPDTRPAPGVSTAPDTRPAPG (C) 

MUC-2 

PTTTPISTTTT  VTPTPTPTGTQT 

PTTTPISTTTT  VTPTPTPTGTQT  (C) 
VTPTPTPTGTQT  (C) 
GTQTPTPTGTQTPTSTGTQT  (C) 

MUC-3 

HSTPSFTSSITTTETTS 

HSTPSFTSSITTTETTS  (C) 

demonstrate,  we  have  prepared  synthetic  peptides  corresponding  to  the  tandem 
repeats  ot'  mucin  genes  MUC-1.  MUC-2  and  MUC-3  (Table  1).  Peptides  were 
synthesized  by  solid  phase  methods  deprotected  in  HF  and  purified  by  RPHPLC 
to  give  homogeneous  materials  with  correct  amino  acid  analyses  and  mass  spectra. 
The  KLH  conjugates  of  the  three  peptides  corresponding  to  the  MUC-2  gene 
tested  positive  against  LDQ10  in  ELISA.  This  result  demonstrates  that  the 
antibody  detects  a  peptide  epitope  of  the  tandem  repeat  sequence  of  the  MUC- 
2  gene  product.  In  addition,  the  peptide-KLH  conjugate  of  VTPTPTPTGTQT 
(but  not  KLH)  inhibited  the  binding  of  LDQ10  to  frozen  sections  of  normal 
colon  and  colon  cancer,  indicating  the  relatedness  of  the  epitopes  recognized 
by  the  antibody  in  the  tissues  and  in  the  peptide-KLH  conjugate.  Finally,  epitope 
fine-mappmg  analysis  of  VTPTPTPTGTQT  was  carried  out  by  means  of  seven 
overlapping  hexapeptides  covering  the  entire  sequence.  Of  all  peptides,  only 
PTPTGT  tested  positive  in  ELISA  against  LDQ10.  2D  NMR  structure  deter¬ 
mination  of  the  dodecapeptide  currently  underway  should  be  helpful  in  defining 
in  more  detail  the  structural  features  involved  in  recognition  by  the  antibody. 
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Introduction 

Fatty  amino  acids  are  a-amino  acids  with  a  linear  or  branched  alkyl  side 
chain.  Of  interest  is  the  use  of  fatty  amino  acids  monomers  and  oligomers  [1] 
as  conjugating  units  for  biologically  active  compounds.  The  conjugates  formed 
would  be  expected  to  possess  a  degree  of  lipid-  or  membrane-like  character 
and  this  feature  will  enhance  the  passage  of  poorly  absorbed  drugs  across 
biological  membranes.  The  linkage  between  the  drug  and  the  lipidic  unit  may 
either  be  biologically  stable  or  possess  predictable  biological  or  chemical 
instability. 

Results  and  Discussion 


A  number  of  /3-lactam  antibiotics  possess  a  free  amino  function  which  may 
be  acylated  with  N-protected  lipidic  amino  acids,  which  should  provide  a 
convenient  way  of  introducing  lipidic  functionality  to  antibiotics.  Furthermore 
two  types  of  ester  groups  suitable  for  linking  lipidic  amino  acids  and  peptides: 
(1)  acyloxyalkyl  esters  which  are  related  to  established  enzymically  labile  pro¬ 
drug  derivatives  and  (2)  novel  methoxycarbonyl  alkyl  esters  (Fig.  1). 


H(NHCHCO),NH-0-lactam  antibiotic-COOlCHCCKNHCHCOycKCHjXjCHOCCHCONHXlfX 


(CH,)n 

I 

CH, 


(CH2)n  (CH:)„ 

I  I 

CHj  CH, 


(CH2)n 

I 

CHj 


Antibiotic 


abcdefX  n 


1  Ampiciilin,  cephalosporin  1-3  0  0  0  0  OH  7-17 

2  Penicillin  G,  cefuroxime  0  0  0  1-3  1-3  1  OCHi  7-17 

3  Penicillin  G,  ampiciilin,  cefuroxime  0  1-3  1  0  0  0  OCH,  7-17 


Fig.  1.  Structure  of  penicillin  and  cephalosporin  conjugates. 


(i)  Penicillin  amide  derivatives  and  the  cephalosporin  conjugates  (type  1)  were 
prepared  by  coupling  the  appropriate  N-protected  lipidic  amino  acids  and  peptides 
to  the  parent  antibiotics  using  mixed  anhydride  methods. 
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(ii)  Double  ester  derivatives  of  /3-lactam  antibiotics  with  methylene,  ethylene 
and  propylene  spacers  (type  2)  were  prepared  by  crown-ether  assisted  coupling 
of  halogenoalkylesters. 

(iii)  Several  series  of  methoxycarbonyl  alkylesters  with  increased  lipophilicitv 
(type  3),  were  prepared  by  conjugating  penicillin  G,  ampicillin  and  cefuroxime 
with  2-bromo-faity  acids  or  2-bromo-fatty-amino  acid,  lipidic-amino  acid  oligo¬ 
mers. 

All  amide  conjugates  exhibited  some  antibiotic  activity  in  vitro  against  a  non- 
/3-iactamase  producing  strain  of  S.  aureus.  However,  the  compounds  were 
insufficiently  potent  to  protect  against  the  lethal  infection  by  the  same  organism 
in  vivo,  following  either  subcutaneous  or  oral  administration.  The  reduced  activity 
of  conjugates  compared  with  that  of  the  parent  antibiotics  suggests,  as  expected, 
that  the  amide  linkage  between  the  parent  compound  and  the  lipidic  moiety 
is  biologically  stable. 

The  double  ester  conjugates,  showed  weak  or  no  antibiotic  activity  in  vitro, 
as  expected.  The  compounds  were  active  in  vivo  against  a  non-penicillinase 
producing  strain  of  S.  aureus  following  subcutaneous  administration,  indicating 
that  they  underwent  hydrolysis  in  vivo  as  desired.  After  oral  administration, 
the  double  ester  conjugates  with  methylene  spacer  were  active. 

The  conjugates  with  secondary  alcohol-ester  linkage  were  inactive  in  vitro, 
as  expected.  The  conjugates  exhibited  antibiotic  activity  against  5.  aureus  663 
E  following  subcutaneous  administration  in  the  mouse.  Therefore,  it  can  be 
assumed  that  the  linkage  is  cleaved  in  vivo  to  afford  the  active,  presumably 
the  parent,  antibiotic.  There  appeared  to  be  a  preference  for  shorter  alkyl  chains 
for  subcutaneous  activity  in  this  series  of  conjugates.  The  longer  alkyl  chains 
in  compounds  may  protect  the  ester  bond  from  esterases.  The  penicillin  G  and 
ampicillin  conjugates  were  active  when  given  orally;  the  cefuroxime  conjugates 
were  inactive.  The  antibiotic  activity  of  ampicillin  conjugates  were  better  than 
to  that  of  the  parent  ampicillin.  The  penicillin  G  conjugates  showed  similar 
oral  activity  to  that  of  the  penicillin  G. 
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Introduction 

Acquired  immunodeficiency  syndrome  (AIDS)  is  a  degenerative  disease  of 
the  immune  and  central  nervous  systems  for  which  no  known  cure  exists.  Until 
recently,  the  only  clinically  approved  drug  for  treating  AIDS  is  3'-azido-3'-deoxy- 
thymidine  (AZT,  zidovudine).  AZT  prolongs  life  and  delays  the  progression 
of  the  disease  in  patients  with  advanced  human  immuno-deficiency  virus  (HIV) 
infection. 

AZT  is  a  powerful  inhibitor  of  the  reverse  transcriptase  (RT)  enzyme  [1]. 
AZT  does  not  eradicate  HIV  from  peripheral  blood  mononuclear  cells  [2].  The 
failure  to  clear  HIV  may  be  due  to  the  inadequate  inhibition  of  virus  production 
by  macrophages.  Hence,  to  direct  larger  amounts  of  the  antiretroviral  nucleosides 
to  these  cells,  a  major  reservoir  of  HIV,  AZT  agonists  or  prodrugs  [3,4]  that 
show  increased  cellular  uptake  are  of  great  interest  as  potential  anti-aids  drugs. 
This  paper  presents  the  synthesis  of  fatty  amino  acid  and  oligomer  conjugates 


Fig  I.  Synthesis  of  lipophilic  AZT. 
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of  AZT  with  an  ester  linkage  in  an  attempt  to  increase  the  lipophilicity  and 
the  cellular  uptake  of  AZT. 

Results  and  Discussion 

Conjugation  on  the  hydroxyl  functional  group  of  AZT  to  form  lipophilic 
AZT  (3)  is  achieved  by  reacting  the  C-terminus  of  the  Boc-protected  a-amino 
acids  and  oligomers  (2)  [5]  with  the  5'-OH  of  AZT  (1)  using  the  water  soluble 
carbodiimide  (EDAC)  as  a  coupling  agent  and  DMAP  as  a  catalyst  in  dich- 
loromethaneibenzene  (1:1)  (Fig.  1).  After  24  h  stirring  at  room  temperature, 
the  reaction  mixture  was  evaporated,  residue  was  triturated  with  water  and 
extracted  with  dichloromethane.  The  organic  layer  was  dried  ( MgS04),  evaporated 
and  residue  purified  by  preparative  thin  layer  or  flash  chromatography  on  silica 
gel  with  eluent  CHjCUtMeOH  (10:1).  Reasonable  yields  of  60-85%  were 
obtained. 

AZT-conjugates  with  higher  lipophilicities  ranging  from  FAA  monomer  to 
trimer  were  successfully  synthesized  using  solution  phase  method.  These  AZT- 
lipidic  peptide  conjugates  are  currently  under  biological  investigations. 
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Introduction 

S-Adenosylmethionine  (SAM)  is  the  major  methyl  donor  in  biological  pro¬ 
cesses.  It  is  involved  in  lipid,  steroid,  protein,  nucleic  acid  and  catecholamine 
methylations.  Phospholipid  methylation  in  particular  has  been  implicated  in 
receptor  mediated  processes  in  many  cell  lines  [1].  It  was  reported  that  phos- 
phatidylethanolamine  (PE)  molecules  in  the  presence  of  fatty  amino  acid  moieties 
are  preferentially  methylated  [2,3].  S-Adenosylhomocysteine  (SAH)  is  an  en¬ 
dogenous  inhibitor  of  biological  methylation.  Other  synthetic  inhibitor  com¬ 
pounds  include:  3-deazaadenosine  (C3Ado);  3'-deazaaristeromycin  (C3Ari)  and 
5-deoxv-5'-isobutvlthio-3-deazaadenosine  (C3-Siba).  However,  their  effects  in  cells 
are  wide-spread  and  difficult  to  interpret.  To  develop  more  specific  inhibitors 
of  membrane  bound  lipidic  methvlase  analogs  of  SAH  and  SAM  some  compounds 
were  synthesized  by  replacing  the  nucleoside  moiety  with  a  long  alkyl  chain. 
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Fig.  I.  Synthesis  of  heteroalkvl  a-amino  acids. 
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5d 

SAN 


Concentration  faXi) 

Hg.  hffects  at  a-alkyl  ammo  acid  SAH/SAM  congeners  an  lipid  methvlatton. 


Results  and  Discussion 


We  have  developed  a  simple  method  to  synthesize  heteroalkyl  a-amino  acids 
(Fig.  1).  The  sodium  salt  of  mercaptans  1  were  coupled  with  dibromoalkanes 
2  and  the  resulting  bromoethers  3  were  then  treated  with  diethylacetamido- 
malonate  (DEAM)  in  the  presence  of  sodium  ethoxide  and  subsequently  with 
HC1  to  yield  amino  acids  4.  Methyl  esters  5,  sulphoxides  6  and  sulphonium 
compounds  7  were  also  synthesized. 

Microsomes  were  incubated  with  [-’H-methyl]  SAM  with  varying  concentrations 
(0.001  /aM-100  /iM)  of  compounds  5,  6,  7  and  SAH.  The  reaction  was  stopped, 
and  the  radioactivity  incorporated  into  the  lipids  counted.  The  best  lipid 
methvlation  inhibitor  was  the  compound  5d.  It  showed  an  inhibition  of  40rr 
at  10~7  M,  while  SAH  required  3  orders  of  magnitude  higher  concentration  to 
get  the  same  inhibition  effect.  Furthermore  5d  was  more  specific  than  SAH 
because  it  inhibited  only  phospholipid  methvlation  and  stimulated  the  neutral 
lipid  methylation  while  SAH  inhibited  both  processes  (Fig.  2). 
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Introduction 


Granulocyte-colony  stimulating  factor  (g-CSF)  is  an  18-22  kDa  glycoprotein 
which  specifically  stimulates  the  formation  of  granulocyte  progenitor  colonies 
in  vitro  and  increases  neutrophil,  monocyte,  and  eosinophil  populations  in  a 
dose-dependent  manner  in  vivo  [1],  In  an  epitope-mapping  study  undertaken 
in  our  laboratories,  a  Hopp  and  Woods  hydropathic  profile  of  g-CSF  identified 
a  series  of  peptide  fragments  (1-10,  16-28,  42-48,  95-106,  120-128,  138-150 
and  164-174)  as  likely  candidates  for  generating  g-CSF  cross-reactive  antibodies. 
Of  these  peptides,  one  (95-106)  inhibiteo  g-CSF  induced  stimulation  of  32DCL 
cells,  but  keyhole  limpet  her.iocyanin  (KLH)  and  ovalbumin  (OVA)  conjugates 
of  two  fragments  (1-10  and  95-106)  acted  as  g-CSF  agonists.  Here  we  describe 
the  partial  SAR  of  these  peptides  and  biolog^al  activity  of  the  conjugates. 

Results  and  Discussion 


Peptides  were  synthesized  by  SPPS  methods  and  purified  by  RPHPLC.  Where 
necessary,  N-terminal  cysteine  analogs  were  synthesized  for  conjugation  and 
coupled  to  KLH  and  OVA  with  the  bifunctional  linker,  sulfo-MBS  (Pierce). 
Antagonist  and  agonist  activities  were  detected  with  cell-based  proliferation 


Table  1  Antagonist  activities  of  g-CSF  peptide  fragments  and  their  analogs 


Peptide 

Sequence 

Antagonist  effect 

1-10 

T-P-L-G-P-A-S-S-L-P-NHj 

1-10  (N-N  dimer)1* 

(C-T-P-L-G-P-A-S-S-L-P-NH^V, 

+  +  + 

95-106 

I-S-P-E-L-G-P-T-L-D-T-L-NH, 

+  + 

95-106  (Ala1*7) 

I-S-A-E-L-G-P-T-L-D-T-L-NHj 

95-106  (Ala101) 

I-S-P-E-L-G-A-T-L-D-T-L-NH2 

95-106  (N-N  dimer) 

(C-I-S-P-E-L-G-P-T-L-D-T-L-NHi)-> 

+ 

95-106  (C-C  dimer) 

(l-S-P-E-L-G-P-T-L-D-T-L-C-NPE)i 

+ 

1  —  10  N/95-I06C  dimer 

l-S-P-E-L-G-P-T-L'D-T-L-C-NH, 

1 

i  ' 

C-T-P-L-G-P-A-S-S-L-P-NH, 

T 

95-106  (loop)1* 

C-  l-S-  P-  E-  L-G-  P-T-  L-  D-T-  L-C-  N  H  ’ 

1 _ 1 

+ 

J  Toxic  at  higher  concentrations. 
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Fig.  la.  Inhibition  of  g-CSF  activity  by  frag¬ 
ment  95-106. 


Dilution 

Fig.  lb.  Effect  of  g-CSF  peptide  conjugation 
on  factor  dependent  growth  of  32DCL  cells 
(serial  dilutions  of  ca.  1  mg/ ml  solutions). 


and  bone  marrow  colony  formation  assays  [2].  g-CSF  activity  was  assayed  in 
32DCL  cells,  a  g-CSF  dependent  murine  line,  and  confirmed  by  colony  formation 
assay.  Cellular  proliferation  was  evaluated  by  thymidine  incorporation.  Antag¬ 
onist  activity  was  measured  in  the  presence  of  sub-optimal  concentrations  of 
exogenous  g-CSF.  Dose  response  curves  were  generated  for  each  compound 
and  ED5o  values  were  calculated  using  regression  analysis. 

Fragment  95-106  (IC50  =  35  jig/ml)  showed  dose-dependent  inhibition  of 
32DCL  cell  growth  in  the  presence  of  exogenous  g-CSF  (Fig.  la)  and  similar 
activity  was  seen  in  some  analogs  of  this  peptide  (Table  1).  The  conjugates 
of  fragments  1-10  and  95-106  displayed  significant  agonist  activity  as  well  as 
additive  growth  enhancement  of  g-CSF  dependent  cells  in  the  presence  of  sub- 
optimal  levels  of  g-CSF  (Fig.  lb).  Furthermore,  the  95-106/KLH  conjugate 
was  active  in  a  g-CSF  competitive  receptor  binding  assay  with  an  IC50  of  150 
fsg/ml.  These  activities  were  not  seen  when  peptides  were  conjugated  to  HSA. 
BPTI,  or  a  synthetic  carrier  peptide.  Antisera  raised  against  these  peptides  were 
cross-reactive  with  g-CSF. 

This  is  the  first  report  that  specific  regions  of  the  g-CSF  molecule  can  be 
engineered  to  achieve  an  agonist  or  antagonist  effect  depending  on  whether  the 
peptide  is  conjugated  to  an  appropriate  carrier  protein. 
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Introduction 

As  part  of  our  overall  effort  to  elucidate  the  role  each  element  of  the  CCK 
peptide  plays  in  activating  the  peripheral  receptor  mediating  its  effect  on  meal 
termination,  we  describe  below  structure-activity  studies  intended  to  clarify  the 
importance  of  the  indole  ring  of  Trp30.  Previous  work,  focusing  on  the  ability 
of  CCK  analogs  to  induce  pancreatic  amylase  secretion  and  to  displace  ,i5I- 
CCK  from  its  pancreatic  binding  sites  indicates  that  substitution  of  the  indole 
NH  with  O  or  S  eliminates  activity  and  reduction  of  its  capacity  to  donate 
charge  by  substitution  with  multiple  fluorine  atoms  [1],  or  a  nitro  grou,  [2] 
results  in  a  10- 100-fold  decrease  in  potency.  While  these  results  suggest  that 
the  Trp30  of  CCK  analogs  tolerates  only  minimal  alteration,  consideration  of 
SAR  studies  carried  out  in  the  benzodiazepine  series  of  CCK  antagonists  [3] 
prompted  us  to  reevaluate  the  role  of  this  element  in  the  context  of  appetite 
suppression.  Since  Ac-Tyr(SO?H);7-Met;!8-Gly29-Trp30-Met3l-Asp32-Phe33-NH2 
(Ac-CCK-7)  (1)  has  a  full  spectrum  of  activity  and  equivalent  potency  to  its 
longer  homologs,  we  have  selected  it  as  a  lead  compound  described  below. 

Results  and  Discussion 

The  analogs  were  synthesized  using  SPPS.  Receptor  binding  of  the  CCK- 
A  and  CCK-B  receptor  subtypes  was  determined  using  solubilized  membrane 
preparations  from  rat  pancreatic  tissue  and  bovine  striatum,  respectively.  Com¬ 
pounds  were  also  evaluated  for  their  ability  to  suppress  food  intake  in  a  meal- 
fed  rat  model  [4],  The  results  for  Ac-CCK-7  (1),  the  o-Trp30  diastereomer  2 
and  the  a-methyl-Trp30  analog  3  summarized  in  Table  1  indicate  that  potency 
in  both  the  binding  assay  and  meal  feeding  assays  is  dependent  on  the  proper 
(l)  stereochemistry,  but  tolerates  the  conformational  constraint  inherent  in  a- 
methyl  amino  acids.  Comparison  of  the  1-Nal30  (4)  and  2-Nal30  (5)  analogs  yielded 
the  unexpected  result  that  5  has  an  activity  profile  identical  to  that  of  Ac-CCK- 
7  with  half  of  its  potency  while  4  is  10-50-fold  less  potent  in  both  binding 
and  the  feeding  assays.  These  results  prompted  us  to  prepare  the  additional 
analogs  6-8  which  incorporate  close  analogs  of  2-Nal.  The  thianaphthyl  analog 
6  bound  with  less  affinity  than  5,  particularly  to  the  pancreatic  receptors  and 
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Table  1  Trp30  analogs  of  Ac-CCK-7 

R 


Ac-Tvr(SOiH)-Met-Gly-N  C-Met-Asp-Phe-NHi 

i  II 

H  O 


Compound 

R 

CCK  binding 

IC50  nM 

Pancreas  Striatum 

Food  intake 
ID50 

Mg/kg,  ip 

1 

Indole,  l- 

0.6 

4.4 

7 

2 

Indole,  u- 

370 

340 

>320 

3 

Indole.  a-CH1J 

70 

5 

10 

4 

I-Naphthvl 

9.3 

66 

500 

5 

2-Naphthvl 

1.2 

3.2 

11 

6 

2-Thianaphthyl 

49 

12 

-1000 

7 

4-Aza-2-naphthyl 

540 

56 

»  320b 

8 

5,6.7,8-Tetrahvdro-2-naphthyl 

98 

127 

»  320b 

■*1:1  Diastereomeric  mixture  derived  from  D,L-a-methylTrp. 
b  ^  10%  Suppression  of  food  intake  at  320  mg/kg/ip. 


was  100-fold  less  potent  in  the  meal  feeding  assay.  The  4-aza  7  and  partially 
saturated  analogs  8  were  less  interesting. 

These  results  indicate  that  while  features  unique  to  the  indole  moiety  of  Trp30 
of  CCK  analogs  such  as  the  presence  of  a  free  NH  are  not  absolutely  required 
for  potent  CCK  agonist  activity,  the  interaction  of  Trp30  replacements  with 
elements  of  the  various  receptor  subpopulations  is  dependent  on  a  subtle  interplay 
of  steric  and  electronic  effects.  The  very  limited  tolerance  for  modification  of 
Trp30  exhibited  by  the  compounds  discussed  above  contrasts  with  our  results 
with  other  key  pharmacophores  of  CCK.  such  as  the  side  chain  of  the  C-terminal 
phenylalanine  and  the  tyrosine  sulfate  moiety  both  of  which  accommodate 
considerable  modification  and  allow  for  important  gains  in  potency  and  stability 
through  appropriate  modification.  Thus  design  of  CCK  mimetics  acting  at  the 
CCK-A  receptor  subtype  may  require  retention  of  most  of  the  features  of  Trp30. 
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Introduction 

Many  bioactive  peptides  contain  a  C-terminal  amide  that  is  required  for  full 
potency.  The  a-amidating  enzyme  (a-AE)  catalyzes  the  post-translational  oxi¬ 
dation  of  C-terminal  glycine-extended  peptide  precursors  to  the  corresponding 


OH 


RCO-Gly-OH  RCO-Gly(a  OH)-OH  RCO-NH2 


Fig.  I  (a)  The  enzymatic  amidation  process,  (b)  transient  accumulation  of  an  a-hydroxygtycine 
intermediate,  and  (c)  ion-pair  HPLC  (60:40  25  mM  l-pentanesulfonate/TF A  CH}CN)  of  reaction 
mixture  at  35  min  mark. 
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peptide-amides  and  glyoxylic  acid  [1].  The  conversion  requires  molecular  oxygen 
and  ascorbate  and  is  reported  [2-3]  to  proceed  via  an  a-hydroxyglycine  inter¬ 
mediate  (Fig.  la). 

Results  and  Discussion 

The  feasibility  of  in  vitro  a-AE  catalyzed  conversion  of  Gly-extended  peptides 
to  the  C-terminal  amides  was  evaluated  on  a  1-5  mg  scale  for  Gly-extended 
human  growth  hormone  releasing  factor.  GRF(l-44)-Gly-OH,  and  the  Gly- 
extended  analogs.  GRF( l-29)-Gly-OH  and  [Alal5]GRF( l-29)-Gly-OH,  prepared 
by  solid-phase  synthesis.  The  reaction  mixtures  (pH  7.05,  37°C)  contained  Gly- 
extended  substrate  (2-6.5  mg  mL1),  ascorbate  (3.0  mM),  and  recombinant  rat 
a-AE  [4]  (0.07-0.38  mg  mL1.  0.725  U  ng-1).  were  monitored  by  HPLC,  and 
desalted  after  reaching  >95%  conversion  (4-5  h).  The  semisynthetic  products 
(isolated  yields:  70-75%),  GRF(l-44)-NH2,  the  equipotent  fragment  GRF(1- 
29)-NH2,  and  the  superactive  analog,  [Ala15]GRF(  l-29)-NH2,  all  gave  satisfactory 
analyses  (FABMS,  amino  acid  analysis,  tryptic  mapping)  and  had  equivalent 
in  vitro  biological  potencies  vs.  (synthetic  standards)  of  0.83  (1),  0.91  (0.71), 
and  4.44  (3.81),  respectively. 

Ion-pair  HPLC  revealed  the  transient  accumulation  of  an  intermediate  (Figs, 
lb  and  lc)  in  the  conversion  of  [Ala15]GRF(l-29)-Gly-OH  (5.5  mg  mL-')  to 
[ Alal5)GRF( l-29)-NH2  (pH  5.75,  22°C,  0.33  mg  mL-'  a-AE).  The  isolated 
intermediate,  which  is  compatible  with  [Alal5]GRF(l-29)-Gly(a-OH)-OH  by 
FABMS  [(M  +  2Na)+  calc  3491.0;  found  3490.4],  slowly  lyses  to  form  the  amide 
in  alkaline  solution  (k  =  9.2x  10-*  min-'  at  pH  7.0.  37°C).  This  lysis  is  greatly 
accelerated  by  the  enzyme  independent  of  ascorbate  (kcat  =  — •  103  min-1  at  pH 
7.0,  37°C).  Thus  the  recombinant  rat  a-AE  [4]  has  both  monooxygenase  and 
lyase  activities  and  catalyzes  both  steps  of  the  amidation  process. 
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Introduction 

Phospholipases  A2  (PLA2,  EC  3. 1.1.4)  are  major  components  of  snake  venoms. 
There  are  presently  about  60  complete  and  20  partial  amino  acid  sequences 
known  of  this  enzyme.  X-ray  crystallographic  analyses  have  provided  tertiary 
structures  for  PLA2  from  mammalian  pancreas  and  snake  venoms.  Some  snake 
venom  PLA2  are  presynaptic  neurotoxic  [1],  In  a  simplified  view  of  the  mechanism 
of  these  toxins,  toxicity  results  from  the  receptor-enhanced  affinity  or  specificity 
of  the  PLA2  for  the  presynaptic  membrane.  Specific  binding  proteins  in  the 
synaptic  membranes  for  some  of  the  toxic  PLA2  have  been  identified  e.g.  f3 - 
bungarotoxin  [2]  and  Pa- 11  from  P.  australis  [3].  It  has  been  rationalized  that 
besides  the  catalytic  sites  other  structure  features  are  needed  to  recognize 
presynaptic  membranes  [4],  Herein,  the  structural  variations  of  residues  1.  6 
and  1 1  in  about  80  PLA2  from  pancreases  and  venoms  were  examined.  We 
chemically  modified  methionines  6  and  8  of  two  of  the  toxins  and  the  N-terminal 
a-amino  group  of  one  of  the  toxins  to  see  how  the  neurotoxicities  and  receptor- 
binding  affinity  were  affected. 

Results  and  Discussion 

We  have  compared  the  N-terminal  sequences  of  about  26  PLA2-toxins  with 
those  of  other  non-neurotoxic  enzymes.  We  noticed  that  the  neurotoxic  enzymes 
usually  have  a  neutral  residue  6,  while  the  non-neurotoxic  enzymes  have  a  charged 
residue  6,  and  an  invariable  Lys11  if  not  Cys11  (in  the  case  of  group  II  PLA2). 
It  has  been  known  that  the  N-terminal  region  of  PLA2  forms  a  half-buried 
a-helix,  and  the  residues  6  and  10  are  exposed  and  involved  in  binding  to  lipid- 
water  interface  of  the  substrate.  Chemical  modification  study  showed  that  a 
charged  residue  6  enhances  the  micelle  binding  and  promotes  the  catalytic  activity 
of  porcine  pancreatic  PLA2  [5].  Thus,  this  lack  of  charge  at  position  6  of  the 
toxins  probably  prevents  their  binding  non-specifically  to  membrane  lipids.  The 
substitution  of  Lys11  in  the  neurotoxic  group  II  PLA2  may  affect  the  stability 
or  the  orientation  of  a-helix  I- 11  at  the  N-terminal  region.  In  studying  the 
role  played  by  the  N-terminal  region  in  neurotoxins,  the  following  chemical 
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Fig.  1.  (A).  Binding  of  /3-bungarotoxm  (Q-BTX)  (O)  and  des-fAsn'-MetO-P-BTX  (X)  to  the  guinea 
pig  synaptosomal  membrane.  The  affinity  of  binding  was  determined  bv  the  competition  curve  in  which 
the  unlabeled  toxins  competed  with  i:'l-B-BTX  for  binding.  DesfAsn'-MeffQ-BTX  was  prepared  by- 
cleavage  with  CNBr  in  70%  HCOOH.  Control,  the  toxin  treated  with  70%  HCOOH  only  f#). 
(B).  Inhibition  ofl3SI-Pa-l  l  binding  to  the  synaptosomal  membrane  by  unlabeled  toxin  and  its  derivatives. 
Pa-ll  (0);  tetramethylurea  treated  control  (X);  transaminated  Pa  (k);  Mets-sulfoxide-Pa-ll  (X);  Des- 
(Asn'-Mets)-Pa-I  I  (O). 

modifications  were  applied:  (1)  The  Met6  and/or  Met*  of  chain  A  of  /?,- 
bungarotoxin  and  neurotoxin  Pa~l  1  from  P.  australis  were  oxidized  to  sulfoxides 
[6],  with  substantial  (>60%)  retention  of  their  enzyme  activities,  but  their 
toxicities  reduced  to  10-20%  of  the  original.  (2)  The  N-terminal  a-amino  group 
of  Pa- 11  was  transaminated  to  a  keto  group  [7],  (3)  The  first  eight  residues 
in  chain  A  of  ^[-bungarotoxin  and  Pa-1 1  were  deleted.  These  three  modifications 
resulted  in  a  drastic  decrease  not  only  of  the  toxins’  neurotoxicity,  but  also 
of  their  binding  affinity  to  guinea-pig  brain  synaptosomal  receptors.  Figure  1 
shows  that  the  N-terminal  modified  /3-bungarotoxin  and  Pa- 11  bind  to  the 
synaptosomal  receptors  up  to  100  fold  weaker  than  the  original  toxins.  Hence 
it  has  for  the  first  time  been  demonstrated  that  the  N-terminal  region  is  essential 
for  the  neurotoxins  binding  to  their  receptors. 
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Introduction 

Intramolecular  redox  separation  has  previously  been  photoinduced  in  ruthe¬ 
nium  polypyridyl  complexes  [1].  We  recently  described  [2]  the  first  example 
of  a  redox  assembly  in  which  a  single  amino  acid  has  been  functionalized  via 
amide  bonds  with  an  electron  donor,  a  chromophore,  and  an  electron  acceptor. 
Such  assemblies  exhibit  photoinduced,  spatially  directed  redox  separation  through 
a  series  of  intramolecular  electron  transfers. 

Our  strategy  used  amino  or  carboxylic  acid  derivatives  of  redox  modules  to 
form  amide  bonds  with  the  functional  groups  of  L-lysine  [3-5].  We  have  prepared 
NH2-pr(PQ)2+,  an  aminopropyl  derivative  of  the  electron  acceptor  paraquat, 
and  NHrprPTZ,  an  aminopropyl  derivative  of  the  electron  donor  phenothiazine 
to  couple  to  the  carboxyl  group.  We  also  synthesized  N'-derivatives  of  Boc- 
Lvs  by  using  the  electron  donor  PTZpn-OH,  a  propionic  acid  derivative  of 
phenothiazine,  the  chromophore  (Rub^m-OH)^.  a  carboxylic  acid  derivative 
of  ruthenium(II)tris(2,2’-bipyridine),  and  the  electron  acceptor  Anq-OH.  a 
carboxylic  acid  derivative  of  anthraquinone. 

Results  and  Discussion 

These  redox  triads  were  assembled  on  a  lysine  framework.  The  t-amino  group 
of  Boc-L-lysine  was  acylated  with  (Rub2m-OSU)2+  to  give  Boc-Lys(Rub2m)2~- 
OH,  which  was  coupled  with  NH2-pr(PQ)2+  to  form  a  chromophore/acceptor 
(C/A)  dyad,  or  with  NH2-prPTZ  to  form  a  chromophore/donor  (C/D)  dyad. 
After  removal  of  the  Boc  group  with  4N  HCl/dioxane,  the  free  a-amino  group 
of  H-Lvs(Rub2m)2+-NH-pr(PQ)2+  was  coupled  with  PTZpn-OH  to  form  the  D/ 
C/A  triad  PTZpn-Lys(Rub2m)2+-NH-pr(PQ)2+.  The  A/C/D  triad  Anq-Lvs- 
(Rub-.m)2+-NH-prPTZ  was  prepared  analogously  from  Anq-OH  and  H-Lys- 
(Rub2m)2+-NH-prPTZ. 

We  studied  the  photophysics  [2]  of  both  triads  and  several  dyads  containing 
the  chromophore  (Rub2m)2+.  Each  redox  complex  exhibited  a  characteristic 
dn-fRu11)  —  7r*(b,m)  metal-to-ligand  charge-transfer  absorption  near  458  nm. 
Emission  from  the  model  chromophore  (Rub2m-NHCH2)2+  in  CH2CN  occurred 
at  645  nm  with  a  quantum  yield  of  0.087  and  a  lifetime  of  1,380  ns.  This  emission 
was  quenched  when  an  electron  donor  or  acceptor  was  attached  to  the  chrom- 
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PTZpn-Lys(Rub2m)-NH-prPQ 


Anq-Lys(Rub2m)-NH-prPTZ 


ophore.  Nanosecond,  time-resolved  absorption-difference  spectroscopy  [2]  of  the 
triads  PTZpn-Lys(Rub2m)2+-NH-pr(PQ)2+  and  Anq-Lys(Rub2m)2+-NH-prPTZ 
revealed  that  emission  was  quenched  by  electron  transfer  both  from  the  donor 
or  to  the  acceptor.  Transient  absorption  spectroscopy  was  used  to  detect  the 
redox  products  and  elucidate  the  kinetics  of  electron  transfer.  For  PTZpn- 
Lys(Rub2m)2+-NH-pr(PQ)2+,  PTZ  +  was  monitored  at  510  nm  and  PQ  +  at  610 
nm.  The  greatest  absorbance  signal  was  observed  40  ns  after  laser  excitation. 
Both  PTZ  +  and  PQ  +  returned  to  the  ground  state  with  a  lifetime  of  145  ns. 
For  Anq-Lys(Rub2m)2+-NH-prPTZ,  PTZ  "  was  monitored  at  510  nm  and  Anq " 
at  600  nm.  The  greatest  absorbance  signal  was  observed  50  ns  after  laser  excitation. 
Both  PTZ'*  and  PQ  +  returned  to  ground  state  with  a  lifetime  of  200  ns. 

The  stored  energy  of  the  redox-separated  state  was  converted  into  chemical 
redox  energy  [2],  When  the  redox-separated  state  (PTZ^)pn-Lvs(Rub2m)2+-NH- 
pr(PQ  *)  in  CH3CN  by  irradiation  at  532  nm  in  the  presence  of  4  mM  N.N.N" ,N- 
tetramethylbenzidine  (TMBD)  and  3  mM  1,4-benzoquinone  (BQ),  electron 
transfer  occurred  from  TMBD  to  PTZ+  (k  =  6xl09  M_l  s  ')  and  from  PQ  + 
to  BQ  (k  =  1  x  109  M-'  s-').  The  net  reaction  was  the  harvesting  of  green  light 
as  the  chemical  redox  energy  of  the  transient  products  TMBD  +  and  BQ 
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Introduction 

Substrate-supported  planar  membranes  are  formed  by  depositing  isolated 
platelet  plasma  membrane  fragments  [1]  on  fused  quartz  surfaces  [2].  Binding 
of  fluorescein-labeled  fibrinogen  (F-fibrinogen)  to  these  membranes  has  been 
measured  by  total  internal  reflection  fluorescence  microscopy  [3].  When  incident 
at  the  planar  membrane/solution  interface  at  an  angle  past  the  critical  angle, 
the  las'*  «’•  am  (488  nm)  is  totally  internally  reflected  to  create  a  thin  layer 
(~8^  pr.ij  of  evanescent  illumination  that  selectively  excites  the  surface-bound 
F-fib:mogen.  Binding  of  F-fibrinogen  to  planar  platelet  membranes  was  detected 
.jy  monitoring  the  evanescently  excited  fluorescence.  F-Fibrinogen  binding 
(Kd  =  0.041  /xM)  was  inhibited  by  the  two-chain  coiled-coil  protein  P39  [4]  (Fig. 
1;  K|  =  10  jiM)  and  the  RGD-containing  peptide  GRGDSP  amide  (Kj  =  135  pM) 
[11- 

Results  and  Discussion 

We  report  here  the  binding  of  fluorescem-labeled  P39  (F-P39)  to  the  planar 
platelet  membranes.  F-P39  (Fig.  1)  was  synthesized  from  P39  by  S-alkylation 
of  Cys39  with  5-(iodoacetamido)fluorescein  in  (CH3)2SO  and  purification  by 
RPHPLC.  CD  spectroscopy  revealed  that  the  fluorescein-labeled  C-terminal 
residue  of  F-P39  did  not  disrupt  its  noncovalently  linked  coiled-coil  structure. 
Different  concentrations  of  F-P39  in  Tris  buffer  (pH  7.3)  were  applied  to  separate 
quartz  surfaces  previously  coated  with  platelet  membrane  fragments  and  treated 
with  excess  BSA.  Binding  of  F-P39  to  these  planar  platelet  membranes  (Fig. 
2)  was  measured  by  total  internal  reflection  fluorescence  microscopy  [2].  Control 
binding  of  F-P39  on  planar  membranes  made  from  synthetic  phospholipid  vesicles 

GRGDSP-GYG-RIEAIEA-RIEAIEA-RIEAIEA-RIEAIEA-RC* 

GRGDSP-GYG-RIEAIEA-RIEAIEA-RIEAIEA-RIEAIEA-RC* 


ligand  spacer  coll 

Fig.  /.  Structures  of  the  two-chain  coiled-coil  synthetic  proteins  P39  (C*.  Cys-hHf)  and  F-P39  (C*. 

CysfJluorescein-S-fNHCOCHdpNH 
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[F-P39]  (micromolar) 

Fig.  2.  Binding  of  F-P39  to  planar  platelet  membranes.  The  difference  in  the  evanescently  excited 
fluorescence  {mean  ±S.D.)  between  F-P39  on  planar  platelet  membranes  (inset,  upper  curve)  and  F- 
P39  on  planar  synthetic  3 : 1  POPC/PS  membranes  (inset,  lower  curve)  is  plotted  against  the  solution 
concentration  of  F-P39.  The  curve  is  the  best  fit  for  a  monovalent  surface  reaction  with  the  fluorescence 
at  saturation  equal  to  one. 

(3: 1  POPC/PS)  was  weaker  and  increased  linearly  with  the  solution  concentration 
of  F-P39  (Fig.  2,  inset). 

The  apparent  dissociation  constant  for  binding  of  F-P39  to  the  planar  platelet 
membranes  was  Kd  =  6  /uM  assuming  monovalent  binding.  F-P39  binding  was 
not  inhibited,  however,  by  excess  unlabeled  fibrinogen  or  by  the  anti-GPIIb/ 
Ilia  monoclonal  antibody  10E5.  These  results  suggest  that  F-P39  does  not  bind 
to  the  integrin  GPIIb/IIIa  in  the  planar  platelet  membranes  through  its  ligand 
module  (GRGDSP)  but  instead  binds  to  the  membranes  through  an  alternative. 
non-RGD  binding  site.  The  F-P39  dissociation  constant  of  6  nM  agrees  well 
with  the  P39  inhibition  constant  of  10  for  F-fibrinogen  binding  [1]. 
Structurally  disordered  Arg-rich  peptides  inhibit  F-fibrinogen  binding  to  the 
planar  platelet  membranes  less  effectively  than  P39  [1].  Evidently,  not  only  the 
number  of  positive  charges  per  peptide  chain  but  also  their  spatial  arrangement 
are  important  for  inhibition  of  F-fibrinogen  binding  to  the  planar  platelet 
membranes.  The  last  five  Arg  residues  of  each  chain  of  F-P39  should  form 
a  40-A  row  along  one  coil,  which  may  be  the  alternative,  non-RGD  binding 
site  of  F-P39. 

Acknowledgements 

This  work  was  supported  by  NIH  grant  GM37145  (N.L.T.)  and  NIH  grant 
GM42031  (B.W.E.). 

References 

1.  Jennings.  L.K.  and  Phillips,  P.R.,  J.  Biol.  Chem.,  257(1982)  10458. 

2.  Engel.  M.,  Pisarchick.  M.L.,  Erickson,  B.W.  and  Thompson,  N.L.,  unpublished  results. 

3.  Axelrod.  D.,  Burghardt,  T.P.  and  Thompson,  N.L.,  Annu.  Rev.  Biophys.  Bioeng..  13(1984)247. 

4.  Engel,  M..  Williams,  R.W.  and  Erickson,  B.W.,  Biochemistry,  30(1991)3161. 


465 


The  regulation  of  G  protein  by  substance  P-related  peptide: 
Inhibition  of  the  effects  of  mastoparan  and  receptor 


Hidehito  Mukai*,  Yoichiro  Abe\  Eisuke  Munekatab  and  Tsutomu  Higashijima* 

J Department  of  Pharmacology.  University  of  Texas  Southwestern  Medical  Center. 

Dallas.  TX  75235 .  U.S.A. 

h Institute  of  Applied  Biochemistry.  University  ofTsukuba.  Ibaraki  305,  Japan 

Introduction 

Various  amphiphilic  peptides  including  mastoparan  and  substance  P  (SP) 
catalyze  the  activation  of  GTP-binding  regulatory  proteins  (G  proteins)  [1.2]. 
The  mechanism  of  the  activation  has  been  studied  most  intensively  in  the  case 
of  mastoparan,  and  it  has  been  shown  that  mastoparan  activates  G  proteins 
by  a  mechanism  similar  to  that  used  by  G  protein-coupled  receptors  [1,3]. 
Mastoparans  are  known  to  cause  secretion  from  various  types  of  cells,  including 
histamine  from  mast  cells,  and  to  cause  a  transient  increase  of  intracellular  Ca:* 
[4,5].  Those  effects  of  mastoparans  are  abolished  by  pretreatment  of  those  cells 
with  pertussis  toxin,  which  ADP-ribosylates  G,-type  G  proteins  and  renders  them 
insensitive  to  receptors  [6].  In  fact,  the  ADP-ribosylation  of  G  proteins  by  pertussis 
toxin  inhibits  the  effects  of  mastoparan  and  suggests  that  G  proteins  are  direct 
targets  of  mastoparan  in  various  cells.  In  mast  cells,  it  has  already  been  reported 
that  the  histamine  secretion  caused  by  amphiphilic  peptides  can  be  inhibited 
by  at  least  two  types  of  chemicals:  benzalkonium  chloride  and  SP  antagonist. 
Benzalkonium  chloride,  in  fact,  inhibited  the  activation  of  G,  by  mastoparan 
but  itself  activated  G0  [1].  Here  we  report  that  SP  antagonists  can  regulate 
(activate  or  inhibit)  G  proteins,  and  that  a  new  peptide  based  on  SP  inhibits 
receptor-G  protein  coupling,  apparently  by  competing  with  the  receptor. 

Results  and  Discussion 

We  studied  the  effects  of  a  series  of  SP  antagonists  on  G  proteins  (G,  from 
rabbit  liver,  G0  from  bovine  brain,  and  recombinant  G,a-short  form  mixed  with 
)3y  from  brain)  by  measuring  GTP  hydrolysis  by  G  proteins  after  their 
reconstitution  into  phospholipid  vesicles,  as  reported  previously  [1,3].  [D-Arg‘, 
D-Phe5,  D-Trp7-9,  Leuu]SP(l-l  1),  which  is  a  full-length  SP  antagonist  that  has 
amino  acid  sequences  responsible  for  histamine  secretion  [7],  promoted  GTP- 
hydrolysis  by  Gs  and  GOJ  and  had  no  inhibitory  effect  on  mastoparan-promoted 
GTP-hydrolysis.  [D-Pro4,  D-Trp7-9I0]SP4(4-1 1),  which  is  an  inhibitor  of  SP- 
stimulated  histamine  secretion  [8]  also  accelerated  GTP  hydrolysis  of  G  proteins, 
but  it  inhibited  mastoparan-promoted  GTP  hydrolysis.  By  changing  several 
residues,  we  developed  a  peptide,  MPAntl,  that  inhibits  mastoparan-promoted 
activation  of  G  proteins  but  does  not  itself  activate. 
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Fig.  1.  MPAntl  inhibition  of  M2-promoted  GTP  hydrolysis  by  Ga  at  different  concentrations  of  receptor. 


We  studied  the  effects  of  MPAntl  on  the  activation  of  G{  and  G0  by  the 
M2  muscarinic  cholinergic  receptor  (M2)  and  the  activation  of  Gs  by  the  (3 
adrenergic  receptor  (/3R)  in  reconstituted  system.  MPAnt  1  inhibited  M2-promoted 
GTP  hydrolysis  by  G,  or  G0,  and  its  inhibitory  effect  was  decreased  by  increasing 
the  concentration  of  M2  (data  not  shown).  Inhibition  was  not  altered  significantly 
by  increasing  the  concentration  of  G  protein  (data  not  shown).  The  pA2  values 
of  MPAntl  determined  from  Schild  plots  were  significantly  different  for  G,  and 
G0.  MPAntl  also  inhibited  /?R-mediated  GTP  hydrolysis  by  Gs.  MPAntl  had 
no  effects  on  the  binding  of  muscarinic  agonists  to  the  M2  receptor  nor  did 
it  alter  the  basal  (receptor-independent)  GTPase  activity  of  G,  or  G0.  The 
inhibitory  effects  were  reversible.  These  observations  suggest  that  MPAntl  is 
a  specific  competitive  antagonist  of  receptor-G  protein  interaction  that  is  able 
to  select  among  different  G  proteins. 
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Introduction 

Tumor  necrosis  factor  a  (TNFa),  a  monocvte/macrophage  derived  protein, 
first  described  as  a  mediator  of  hemorrhagic  necrosis  of  transplanted  tumors 
and  a  molecule  with  cytostatic/cytotoxic  activity  on  tumor  cells  in  culture  [1] 
is  now  understood  as  a  multifunctional  cytokine.  However,  the  structures  in 
TNFa  which  interact  with  receptors  and  thus  mediate  its  multiple  functions 
are  unknown.  The  cytotoxic  activity  of  TNFa  can  be  neutralized  by  polyclonal 
and  monoclonal  antibodies  (Mab)  raised  against  the  native  molecule  and  Mabs 
prevent  septic  shock  during  lethal  bacteremia.  Since  cytotoxicity  neutralization 
is  likely  to  occur  via  receptor  binding  inhibition,  we  have  investigated  the  binding 
sites  of  neutralizing  antibodies  within  the  TNFa  amino  acid  sequence  by  using 
the  synthetic  peptide  approach.  Synthetic  peptides  were  also  used  to  map  the 
functional  structures  responsible  for  autocrine  stimulation  of  TNFa  gene  ex¬ 
pression  [2]. 

Results  and  Discussion 

To  assess  which  regions  in  the  structure  of  TNFa  react  with  neutralising 
polyclonal  and  monoclonal  antibodies  we  have  used  the  Pepscan  method  [31 
i.e.,  a  set  of  octamer  peptides  spanning  the  entire  TNFa  sequence  and  overlapping 
by  six  residues  was  synthesized  on  polyethylene  pins  as  solid  support.  These 
peptides  -  still  covalently  coupled  to  the  pins  -  were  then  tested  for  crossreactivity 
with  TNFa  antibodies.  Four  sequence  regions  in  TNFa  showed  reactivity  with 
neutralizing  rabbit  antisera  (Fig.  1).  Region  I  includes  residues  3-13  at  the  N- 
terminus  of  the  protein.  Region  II  comprises  several  overlapping  epitopes  between 
residues  17  and  49.  Further  antigenic  regions  were  detected  at  the  residues  103 
to  116  (region  III)  and  at  residues  133  to  148  (region  IV).  Four  cytotoxicity 
neutralizing  monoclonal  antibodies  recognized  exclusively  epitopes  in  region  III 
indicating  the  participation  of  this  region  in  receptor  interaction.  The  binding 
of  these  Mabs  to  region  III  was  verified  by  using  peptide  CQRE  (residue  101  — 
111)  as  competitor  in  ELISA  and  to  prevent  the  Mabs  from  neutralizing  the 
cytotoxic  activity  of  TNFa. 

To  localize  the  region  responsible  for  autocrine  stimulation  of  TNFa  mRNA 
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Fig.  I.  Sketch  of  polypeptide  fold  of  TNFa  monomer  ( reprinted  from  reference  4).  The  antigenic 
regions  I  to  IV  are  shaded  and  the  monocyte  stimulating  peptide  is  marked  in  black. 


expression  in  human  monocytes  [2],  a  set  of  23  dodecapeptides  overlapping 
by  six  residues  was  synthesized. 

Significant  stimulation  of  monocytes  was  obtained  with  two  overlapping 
peptides  spanning  the  sequence  of  TNFa  from  residue  37  to  residue  54  (marked 
in  black  in  Fig.  1).  A  peptide  covering  residues  31  to  56  showed  a  level  ot 
stimulation  similar  to  that  of  TNFa.  In  addition  to  TNFa  mRNA  expression 
small  but  significant  amounts  of  TNFa  protein  were  released  after  stimulation 
of  monocytes  with  peptide  31  to  56. 

As  shown  in  Fig.  1  all  antigenic  regions  and  the  structure  responsible  for 
monocyte  stimulation  are  located  in  exposed  loop  regions  on  the  surface  ot 
the  protein  and  are  not  involved  in  inter-subunit  interactions  in  the  trimer  [4], 
This  makes  the  corresponding  peptides  ideal  candidates  for  further  studies  ot 
TNFa  receptor  interaction  and  triggering  of  biological  responses. 
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Introduction 

Peptidyl-prolyl  cis-trans  isomerases  (PPIases)  are  conveniently  assayed  by  using 
an  improved  chymotrypsin-coupled  assay,  which  relies  on  shifting  the  Ala-Pro 
conformational  equilibrium  in  the  substrate  (Suc-Ala-Ala-ProPhe-pNa)  by  a 
combined  effect  of  inorganic  salts  and  organic  solvents  [1].  The  kinetic  analysis 
of  PPIases  is  complicated  by  uncatalyzed  cis-trans  isomerization  of  the  substrate, 
and  by  multiple  time-dependent  phenomena  that  accompany  the  binding  of 
inhibitors  such  as  Cyclosporin  A.  At  least  two  slow  processes  were  identified 
in  the  inhibition  kinetics,  i.e.,  the  interconversion  of  various  forms  of  the  free 
inhibitor  and  the  slow  formation  of  a  secondary  enzyme-inhibitor  complex.  Here 
we  present  mathematical  models  for  these  complex  phenomena,  which  allow 
extraction  of  pertinent  kinetic  constants  from  experimental  data. 

Results  and  Discussion 


/.  Determination  o  f  initial  velocities  in  PPIase  assays 
Assuming  that  the  chymotrypsin  hydrolysis  of  the  C-terminal  p-nitroanilide 
bond  in  the  trans  Xaa-Pro  isomer  of  the  substrate  is  very  fast  compared  to 
the  isomerization,  the  mathematical  model  for  the  spectrophotometric  progress 
curves  can  be  qbtained  analytically  [1].  A  numerically  advantageous  form  of 
the  integrated,  transcendental  rate  equation  is  one  in  which  logarithmic  terms 
were  eliminated  by  exponentiation.  The  resulting  expression  is  evaluated  ite¬ 
ratively  by  using  the  Newton-Raphson  algorithm  according  to  equation  (1). 
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In  eq.  (1),  'A  and  i+1A  are  absorbances  at  time  t  calculated  in  two  successive 
steps,  At  is  the  difference  molar  absorption  coefficient  for  the  formation  of 
p-nitroaniline  (P),  [S]0  the  initial  concentration  of  cis  substrate,  k|  the  rate  constant 
for  thermal  isomerization,  and  E’  an  auxiliary  variable  defined  as  kcat[E]0/k,. 
The  progress  curves  are  fitted  to  the  model  equation  by  using  the  Marquardt 
algorithm.  The  thermal  rate  constant  k,  is  kept  constant  throughout  the  nonlinear 
leastsquares  optimization,  and  the  initial  velocity  corresponding  to  the  enzymatic 
reaction  is  then  calculated  from  the  fitting  parameters  kcal  and  Km. 

2.  Time-dependent  binding  of  Cyclosporin  A  to  cyclophilin 

When  delivered  to  the  enzyme  assay  in  a  solvent  that  stabilizes  predominantly 
one  of  the  conformations  of  Cyclosporin  A,  the  drug  binds  to  cyclophilin  in 
a  multistep  time-dependent  fashion,  similar  to  the  binding  of  ramiprilat  to  the 
angiotensin-converting  enzyme  [2].  The  multistep  binding  can  be  explained  if 
one  assumes  a  slow  formation  of  a  secondary  enzyme-inhibitor  complex  (E- 1|*) 
from  the  collisional  species  (E  *  It;  binding  constant  Kj),  and  at  the  same  time, 
an  interconversion  between  at  least  two  forms  of  the  free  inhibitor  (Ij,  I2;  rate 
constants  k|2,  k2i).  We  assume  that  all  bimolecular  equilibria  are  established 
very  rapidly,  so  that  the  multiphasic  binding  can  be  described  in  a  ‘hybrid’ 
numerical  integration  scheme.  The  differential  equations  (2)— (5)  are  integrated 
by  using  the  Euler  method.  However,  within  each  integration  step,  the  rapid 
bimolecular  equilibrium  is  enforced  according  the  equations  (6)— (8),  where  [E]0 
and  [I]0  are  the  total  equilibrating  concentrations.  Nonlinear  leastsquares  fit 
of  initial  velocities  vs.  preincubation  time  allows  an  approximate  estimation  of 
the  rate  constants  k,2,  k2h  k|.,  and  k.,.  and  thus  the  estimation  of  free-energy 
barriers  for  the  interconversion  of  various  forms  of  Cyclosporin  A,  both  free 
in  solution  (=“21  kcal/mol),  and  bound  to  the  enzyme  (==18  kcal/mol.  0°C). 


d[E-  I|]/dt  =k.,[E-Il*]-k.,[E  I1]  (2) 

d[E  •  I|*]/dt  =k,.[E-Il]-k.,[E-Il*]  (3) 

d[I,]/dt  =k21[I2]-kl2[I,]  (4) 

d[I2]/dt  =k12[I,]-k21[I2]  _  (5) 

[E]  =  '/2{[E]0  -  [I]G  -  K,  +  v/(([E]0-[I]0-K,)2  +  4[E]0K,)}  (6) 

[I.]  =  '/2{[I]o  -  [E]0  -  K,  +  V(([I]0-[E]0-  K,y  +  4[I]0K,)}  (7) 

[El,]  =[E][I,]/K,  (8) 
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Introduction 

Photosynthetic  reaction  centers  catalyse  the  light-driven  electron  transfer  across 
the  photosynthetic  membranes.  The  centers  are  complexes  of  pigments  and 
integral  membrane  proteins.  The  photosynthetic  reaction  center  from  the  purple 
bacterium  Rhodopseudomonas  viridis  contains  three  protein  subunits  H,  M  and 
L  and  a  cytochrome  subunit  of  the  c  type  and  was  the  first  membrane  protein 
complex  which  was  crystallized  [1].  The  mature  cytochrome  subunit  re-reduces 
the  photo-oxidized  primary  electron  donor.  It  consists  of  336  amino  acids  (ca. 
40  kD)  and  4  heme  groups  and  contains  two  covalently  bound  fatty  acids  (a 
1 :  1  mixture  of  18 :  OH  and  18:1  fatty  acids)  at  its  N-terminus,  which  are  linked 
to  the  protein  via  the  hydroxy  groups  of  S-(2,3-dihydroxypropyl)-cysteine  (Dhc) 
[2],  This  unusual  amino  acid  is  found  in  several  structural  lipoproteins  of  bacterial 
origin  (for  a  review  see  [3]),  however,  the  cytochrome  subunit  has  been  the 
only  native  lipoprotein  with  free  N-terminal  amino  group  described  so  far. 

Analogs  of  the  N-terminus  of  this  lipoprotein,  were  synthesized  by  solid  phase 
peptide  synthesis  using  novel  /^“-Fmoc-protected  derivatives  of  Dhc.  The  resultant 
lipodecapeptides  were  prolonged  N-terminally  with  five  amino  acids  proceeding 
the  sequence  of  the  mature  N-terminus  and  including  the  recognition  site  tor 
signal  peptidase  II. 

Results  and  Discussion 

The  lipopeptide  analogs  of  the  N-terminus  of  the  cytochrome  subunit  were 
synthesized  by  using  A^°-fluorenylmethoxycarbonyl-5-[2,3-bis(acyloxy)-(i?)-pro- 
pyl]-cysteine  (Fmoc-Dhc(Acyl)2-OH,  acyl  =  palmitoyl,  stearoyl),  which  are  novel 
Fmoc-protected  derivatives  of  5-(2,3-dihydroxypropyl)-cysteine  (Dhc).  In  con¬ 
trast  to  the  natural  N-terminus  these  synthetic  analogs  solely  contained  palmitic 
or  stearic  acid.  Fmoc-Dhc(Acyl)rOH  can  be  obtained  in  diastereomerically  pure 
form  by  synthetic  procedures  described  previously  and  can  be  used  in  both  SPPS 
and  solution  synthesis  [4],  The  resin-bound,  tBu  side  chain  protected  nonapeptide 
FEPPPATTT  (amino  acids  2-10  of  the  N-terminus  the  natural  sequence  of  the 
lipoprotein)  was  built  up  on  a  Wang-resin  using  Fmoc/tBu  strategy.  Fmoc- 
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Dhc(Acyl)2-OH  was  coupled  to  its  N-terminus  with  DIC/HONB  yielding  the 
resin-bound  decapeptide  Fmoc[Dhc(Acyl)2]-FEPPPATTT.  Fmoc-tDhctAcyl^]- 
FEPPPATTT  was  treated  with  piperidine/DMF  ( 1 :  1 )  to  remove  the  Fmoc  group. 
Part  of  the  resin-bound  lipopeptide  was  elongated  with  five  additional  amino 
acids  (SLVAG).  The  free  lipopeptides  were  obtained  after  cleavage  from  the 
resin  with  trifluoroacetic  acid. 

The  synthetic  lipopeptides  were  dissolved  in  a  mixture  of  methanol/chloro¬ 
form/ 10%  formic  acid  and  investigated  by  ion  spray  mass  spectrometry  (IS¬ 
MS)  and  ion  spray  tandem  mass  spectrometry  (IS-MS/MS).  All  spectra  showed 
the  quasi-molecular  peaks  [M  +  H]^  with  the  expected  m/z.  During  ionization 
cleavage  of  the  bond  between  Glu  and  Pro  occurs  which  leads  to  an  abundant 
peak  at  m/z  684  corresponding  to  the  fragment  PPPATTT.  This  fragment  was 
also  obtained  by  collision  induced  dissociation  (CID)  with  argon  in  a  MS/MS 
experiment.  Interestingly,  doubly  charged  ions  are  observed  for  the  N-terminallv 
prolonged  lipopeptides,  though  no  charged  amino  acids  were  present.  Automated 
Edman  degradation  also  proved  the  correct  sequence  of  the  synthesized  lipo¬ 
peptides  giving  a  ‘blank’  at  the  position  of  the  lipoamino  acid. 

The  synthetic  pathway  for  the  preparation  of  analogs  of  the  N-terminus  of 
the  cytochrome  subunit  described  here  offers  many  interesting  possibilities  for 
the  construction  of  new  lipopeptides: 

•  synthesis  of  lipopeptides  with  free  N-terminus 

•  synthesis  of  lipopeptides  with  lipoamino  acids  at  any  position  of  the  peptide 
chain 

•  incorporation  of  Dhc(Acvl)2-OH  into  peptides  as  unusual  amino  acid  in  order 
to  study  structure-activity  relationships 

•  incorporation  of  Dhc( Acvl)rOH  into  peptides  in  order  to  render  them 
lipophilic. 
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Introduction 

Cionin  is  an  acidic  octapeptide  which  has  been  isolated  from  the  neural  ganglion 
of  the  protochordate  Ciona  Intestinalis  by  Johnsen  and  Rehfeld  [1].  Its  structure, 
H-Asn-Tyr(S03-)-Tyr(S03-)-Gly-Trp-Met-Asp-Phe-NH2,  is  thought  to  suit  that 
of  a  common  ancestor  for  cholecystokinin  and  gastrin.  We  undertook  the  synthesis 
of  cionin  1  and  of  some  structurally  related  compounds  (Fig.  1)  and  we  compared 
their  CCK-like  biological  activities  to  those  of  CCK-8  and  of  the  potent  CCK 
analog  Boc-[Nle^>]-CCK-7  [2], 

H-Asn-Tyr(S03-)-Tyr(S03-)-Gly-Trp-Met-Asp-Phe-NH2  1 

H-  Asn-T  yr(S03-)-T  yr(S03-  )-Gly  -T  rp-Nle- Asp-Phe-N  H  2  2 

Boc- Asn-T  yr(S03-)-T  yr(S03~)-Gly-T  rp-Nle- Asp-Phe-N  H2  3 

Boc-Tyr(S03)-Tyr(S03-)-Gly-Trp-Nle-Asp-Phe-NH2  4 


Fig.  I.  Structure  of  cionin  I  and  synthetic  analogs  2.  3  and  4. 

Results  and  Discussion 

Compounds  1  to  4  were  synthesized  according  to  classical  solution  peptide 
synthesis  procedures,  by  fragment  coupling  at  the  glycine  residue.  Sulphation 
of  the  tyrosine  residues  was  carried  out  on  N-Boc-protected  peptides  by  the 
means  of  S03:pyridine  complex.  Compounds  1  and  2  were  finally  deprotected 
by  trifluoroacetic  acid  in  the  presence  of  2-methylindole  as  scavenger. 

Replacement  of  the  methionine  residue  in  position  6  of  cionin  1  by  a  norleucine, 
which  lead  to  compound  2,  is  a  classical  modification  that  often  affords  potent 
peptide  derivatives,  as  demonstrated  in  the  CCK  series  [2].  Compound  3,  whose 
N-terminus  was  protected  by  a  ferf-butyloxycarbonyl  group,  was  designed  to 
prevent  degradation  by  aminopeptidases.  This  modification  has  been  successfully 
used  in  the  synthesis  of  gastrin  and  cholecystokinin  analogs  [3].  In  order  to 
investigate  the  possible  role  of  the  asparagine  residue  in  position  1  of  cionin, 
we  synthesized  the  heptapeptide  4,  i.e.  Boc-des-Asn'[Nle6]-cionin. 

Compounds  1  to  4  were  tested  for  their  ability  to  stimulate  amylase  release 
from  rat  pancreatic  acini  and  to  inhibit  binding  of  [l25I]-BH-CCK-8  to  rat 
pancreatic  acini  and  to  guinea  pig  brain  membranes  (Table  1),  and  they  were 
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Table  1  Biological  activities  of  cionin  l  and  synthetic  analogs  2,  3  and  4 


Compounds 

Rat  pancreatic  acini 

Guinea  pig  brain  membranes 

Amylase  stimulation 
EC5ft  (nM) 

Binding 

lC^fnM) 

Binding 

1C?0  (nM) 

CCK-8 

0.032  ±0.005 

2.10  ±  0.52 

1.11  ±0.18 

Boc-(Nle28  Jll-CCK-7 

0.050  ±0.006 

1.35  ±0.03 

0.377  ±0.107 

1 

0.018  ±0.001 

1.95  ±0.05 

0.1 57  ±0.022 

2 

0.017  ±0.001 

4.67  ±0.93 

0.240  ±0.044 

3 

0.025  ±0.007 

4  17  ±0.44 

0.250  ±0.060 

4 

0.037  ±  0.005 

0.97  ±0.22 

0.097  ±0.0 15 

compared  to  CCK-8  and  to  the  potent  CCK  analog  Boc-[Nle28-3l]-CCK-7  [2], 
Cionin  1  and  its  analogs  2,  3  and  4  were  very  potent  in  inhibiting  binding 
of  [l25I]-BH-CCK-8  to  rat  pancreatic  acini,  showing  apparent  affinities  in  the 
nanomolar  range,  like  CCK-8  and  its  synthetic  analog  Boc-[Nle283,]-CCK-7. 
They  were  able  to  stimulate  amylase  release  from  rat  pancreatic  acini  with  the 
same  efficacy  and  potency  as  CCK-8.  These  results  are  not  in  agreement  with 
those  of  De  Castiglione  [4],  who  reported  a  weak  activity  of  the  synthetic  ceruletide 
analog  Boc-Tyr(SO,  )-Tyr(S03')-Gly-Trp-Met-Asp-Phe-NH2  on  dog  pancreas. 
However,  this  discrepancy  might  be  due  to  species  specificity.  On  the  other 
hand,  all  compounds  were  very  potent  in  inhibiting  binding  of  [l25I]-BH-CCK- 
8  to  guinea  pig  brain  membranes,  cionin  1  and  analog  4  being  about  10  times 
more  potent  than  CCK-8. 

In  this  study,  we  demonstrated  that  cionin  is  a  very  potent  analog  of  CCK- 
8,  both  on  peripheral  (type  A)  and  central  receptors  (type  B).  None  of  the  synthetic 
modifications  reduced  the  potency  or  the  efficacy  of  cionin.  This  work  also 
showed  that  the  presence  of  a  sulphated  tyrosine  residue  in  position  28  of  CCK 
(position  2  of  cionin)  does  not  affect  its  biological  activities.  We  believe  that 
peptide  4  will  become  a  reference  compound  in  the  study  of  CCK  mechanisms 
of  action.  Gastrin-like  activities  of  cionin  and  related  compounds  are  currently 
under  investigation  in  our  laboratory. 
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Introduction 

We  have  recently  [1]  formulated  a  new  concept  of  medium  and  long  range 
cyciization  called  backbone  cyciization.  In  this  approach,  conformational  con¬ 
straints  are  conferred  on  a  peptide  by  linking  ai-substituted  alkyl  chains  replacing 
N“  and/or  C"  hydrogens  in  a  peptidic  backbone.  Backbone  cyciization,  which 
is  divided  into  N-backbone  and  C-backbone  cyclizations,  allow  for  new  modes 
of  cyciization  in  addition  to  the  classical  modes  which  are  limited  to  cyciization 
through  the  side  chains  and/or  the  amino  or  carboxyl  terminal  groups.  These 
classical  modes  of  cyciization  yield  inactive  peptides  when  applied  to  the  active 
region  of  bioactive  peptides.  To  demonstrate  the  feasibility  of  the  concept  of 
backbone  cyciization,  we  have  synthesized  a  large  variety  of  building  blocks 
and  developed  methodologies  to  allow  their  incorporation  into  backbone  cyclic 
peptides  by  the  solution  and  SPPS  methods  [2].  We  have  applied  backbone 
cyciization  to  the  active  region  of  the  neuropeptide  substance  P.  Cyciization 
of  this  region  by  the  classical  cyciization  modes  led  to  inactive  analogs  whereas 
backbone  cyciization  provided  an  active,  NK- 1  selective  analog  called  cycloseptide 
[3]  (peptide  No.  3  in  Table  1). 

Results  and  Discussion 

Cycloseptide  and  its  analogs  were  synthesized  by  the  SPPS  methodology  using 
PMBHA  resin  and  combined  Boc  and  Fmoc  chemistries.  The  N-(y-amino 
alkylidene)Gly  unit  was  incorporated  with  N“-Fmoc,  N7-Boc  protection.  BOP 
was  used  as  both  coupling  and  on  resin  cyciization  agent.  Linear  analogs  1 
and  2  were  synthesized  like  cycloseptide  but  instead  of  cyclizing  the  N“  of  Arg 
and/or  the  N7  of  N-(y-amino  alkylidene)Gly  were  blocked.  Peptides  were  cleaved 
by  HF,  purified  by  prep  RPHPLC  and  characterized  by  tandem  MS  sequencing. 
Biological  activities  on  the  three  tachykinin  receptors  were  determined  by  the 
contraction  of  GPI  (  + atropine,  NK-1),  RVD  (NK-2)  and  RPV  (NK-3). 

As  can  be  seen  from  Table  1,  peptides  1  and  2,  which  are  the  linear  analogs 
of  cycloseptide  show  marked  decrease  in  potency  and  selectivity  toward  the 
NK-1  receptor.  This  finding  demonstrate  that  the  20-membered  ring  of  cyclo¬ 
septide  imposes  conformational  constraints  on  the  amino  terminal  region  of 
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Table  1  5/4/?  of  cycloseptide 


No. 

Peptide  structure 

Receptor  subtypes  [ECW  (nM)] 

NK-1  NK-2  NK-3 

H2N - (CHj), 

| 

I 

CH<-CO-Arg-Phe-Phe-N-CH2-CO-Leu-Met-NH2 

300 

>  100000 

2000 

0=c— NH-CH;  Ac-NH-(CH0i 

i  1 

2 

1  1 

(CH:)4-CO-Arg-Phe-Phe-N-CH2-CO-Leu-Met-NH2 

400 

>  100  000 

2  000 

O  =  C - NH - (CHi), 

3 

1  1 

(CH:)4CO-Arg-Phe>Phc-N-CH:-CO-Lcu-Met-NH: 

5 

>  100  000 

>  1 00  000 

O  =  C - NH - (CH,), 

1  |  ‘ 

4 

1  1 

(CH2)4-CO-Asp-Phe-Phe-N-CH2-CO-Leu-Met-NH2 

15 

>  100  000 

>  10  000 

5 

Ac- Arg-  Phe-  Phe-  Pro-  Leu-Met-NHj 

3 

>100000 

>10  000 

6 

Ac-Arg-Phe-Phe-3,4  A-Pro-Leu-Met-NHi 

0.2 

>  100  000 

>  10000 

7 

Ac-Asp-Phe-Phe-3,4  A-Pro-Leu-Met~NH2 

130 

>  100  000 

>  10  000 

cycloseptide  which  leads  to  enhanced  selectivity  toward  the  NK-1  receptor  with 
the  retention  of  the  same  activity  on  the  NK-1  receptor  as  SP  (IC5n  GPI  =  3 
nM). 

Replacement  of  Arg6  in  cycloseptide  by  Asp  (peptide  4  in  Table  1)  did  not 
have  great  effect  on  the  activity  or  the  selectivity  of  the  cyclic  analog.  In  contrast, 
the  same  type  of  substitution,  namely  the  replacement  of  Arg6  by  Asp  in  a 
linear  analog  which  contain  local  conformational  constraint  (3.4  A-Pro9)  led 
to  a  marked  decrease  in  activity  (peptides  6  and  7  in  Table  1).  It  should  be 
noted  that  the  replacement  of  Pro9  by  the  more  rigid  3,4  A-Pro  ring  led  to 
an  increase  of  15-fold  in  the  activity  on  the  NK-1  receptor  without  effecting 
selectivity  (compare  IC50  of  peptides  5  and  6  in  Table  1). 
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Introduction 

S-oxidation  and  S-alkylation  are  extensively  studied  side  reactions  in  peptide 
synthesis.  In  scaling-up  the  solid  phase  synthesis  of  substance  P,  Arg-Pro-Lys- 
Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2  (SP)  by  Boc/Bzl  strategy  and  final  HF- 
cleavage  we  observed  S-benzylation  to  various  degrees.  Additionally,  the  ion- 
exchange  chromatography  of  SP  using  triethylammonium  acetate  buffer  resulted 
in  partial  S-oxidation,  in  contrast  to  the  high  stability  of  Met-containing  peptides 
in  ammonium  acetate  buffer.  We  investigated  these  two  side  reactions. 

Results  and  Discussion 

S-Benzvlsulfonium  peptides 

Treatment  of  Z-Arg(N02)-Pro-Lys(Z)-Pro-GIn-GIn-Phe-Phe-Gly-Leu-Met- 
NH2  with  HF/DMS/Anisol  (9/0. 5/0.5)  caused  3-7%  of  the  S-benzylsullonium 
peptide.  This  by-product  amounted  to  2-3%  when  HF/p-cresol/p-thiocresol  (9/ 
0.5/0.5)  [1]  was  used.  To  study  the  chemical  behavior  of  the  sulfonium  peptide. 
SP  was  quantitatively  converted  into  its  S-benzylsulfonium  derivative  by  alky¬ 
lation  with  benzylbromide  in  aqueous  solution  at  pH  3.  The  derivative  was 
found  to  be  stable  towards  HF  and  was  obtained  by  ion-exchange  chromatography 
in  high  yield.  Stored  at  +  4°C,  the  sulfonium  peptide  formed  complex  mixtures, 
with  SP  being  the  main  component.  However,  85-90%  of  SP  was  regenerated 
by  incubation  with  mercaptoethanol  in  aqueous  buffer  at  pH  8  (10  mg/ml  ot 
S-benzylsulfonium  peptide,  10  vol%  of  mercaptoethanol,  20°C,  10-15  h),  with 
no  indication  (FABMS)  of  the  formation  of  S-benzylhomocysteine  -  and/or 
homoserine  peptides  by  dealkylation.  This  result  suggests  that  the  regeneration 
of  Met-containing  peptides  from  their  S-benzylsulfonium  intermediates  is  pos¬ 
sible.  This  might  not  be  valid  for  sulfonium  derivatives  of  peptides  with  C- 
terminal  Met-COOH,  which  tend  to  form  the  homoserine  peptides  [2]. 

Triethylammonium  acetate-induced  S-oxidation 

In  contrast  to  the  high  stability  of  methionine  peptides  in  ammonium  acetate 
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buffer,  5-15%  of  SP(O)  was  formed  when  ion-exchange  chromatography  of  SP 
was  performed  in  TEA-acetate  buffer  at  pH  6.  TEA  and  other  tertiary  alkyl 
amines  with  hydrogen  atoms  in  the  ^-position  to  the  nitrogen  are  known  to 
generate  nitroxyl  radicals  spontaneously  when  mixed  with  water  in  the  presence 
of  oxygen  under  alkaline  conditions  [3].  Neither  the  ESR-spectra  of  TEA  nor 
the  solvents  showed  any  signal  of  a  radical,  whereas  for  TEA-acetate  buffers 
two  signals  were  observed  (signal  1:  three-line  signal  of  a  nitroxyl  radical,  aN  =  1.69 
mT;  signal  2:  6  lines  of  two  overlapping  triplets,  aN  =  1.69  mT,  a/3H  =  2.29  mT). 
The  signal  intensities  correlate  with  the  extent  of  S-oxidation  found  in  the 
corresponding  buffer  solution  (1.2%  SP(O)  in  0.2  M  buffer  pH  5,  8.1%  SP(O) 
in  0.5  M  buffer  pH  6.0  after  5  h  at  20°C),  indicating  the  involvement  of  TEA- 
generated  radicals  [3)  in  the  process  of  thioether  oxidation. 

Reduction  of  S-oxides 

Testing  a  variety  of  sulfoxide-reducing  agents  we  found  that  mixtures  containing 
TFA/DMS/aqueous  HC1  [1,4,5]  possess  excellent  reducing  potency,  but  also 
have  the  potential  to  hydrolyze  primary  amide  bonds.  Due  to  the  limited  solubility 
of  gaseous  HC1  in  TFA,  resulting  in  insufficient  reduction  rates,  4  N  HC1/ 
dioxane  was  used  as  a  source  of  HC1.  Cocktails  containing  15-30%  of  DMS 
and  a  final  HCl-concentration  of  0.3-0. 6  N  reduced  SP(O)  in  30-60  min.  The 
use  of  mercaptoethanol  instead  of  DMS  also  admitted  a  rapid  regeneration  of 
methionine  but  was  accompanied  by  side  reactions.  TFA/DMS/4  N  HC1  in 
dioxane  (7.5/1. 5/1. 5)  was  found  to  be  highly  efficient  in  the  reduction  of  partially 
S-oxidized  samples  of  CRF,  magainin-2-amide  and  FMDV-peptides.  Moreover, 
the  reagent  was  successfully  applied  in  the  simultaneous  reduction  and  extraction 
of  methionine-containing  peptides  from  the  resin  subsequent  to  high  HF-cleavage 
on  muitigram  scale  (3  g  of  peptide  in  100  ml.  20°C.  45  min.) 
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Introduction 

Neuropeptide  Y  (NPY)  is  a  36  residue  C-terminally  amidated  peptide  possessing 
potent  vasoconstrictive  properties  [1].  NPY  receptors,  designated  Y,  and  Y2, 
are  presently  defined  by  their  differential  ability  to  recognize  NPY  C-terminal 
fragments  [2],  with  the  Y  ,  receptor  having  more  stringent  structural  requirements 
than  the  Y 2  receptor  [3].  To  further  elucidate  the  minimum  bioactive  conformation 
of  NPY,  we  evaluated  Y ,  and  Y2  binding  affinities  for  a  series  of  centrally  truncated 
NPY  analogs  which  structures  were  derived  from  modeling  experiments  in  which 
a  putative  /3-turn  sequence  (Pro-D-Ala)  replaced  deleted  residues  (7  to  24). 
Conformations  were  further  restricted  by  the  introduction  of  one  or  two  lactam 
bridges;  optimization  of  bridge  length,  chirality  and  amide  bond  position  were 
then  explored.  All  analogs  were  synthesized  by  manual  SPPS  and  r  irified  by 
preparative  HPLC  [4], 

Results  and  Discussion 

Beck-Sickinger  et  al.  [5]  recently  reported  a  shortened  analog  of  NPY  (2), 
which  demonstrated  significant  NPY-like  biological  activities.  In  an  effort  to 
stabilize  the  secondary  structure  of  similar  analogs  and  to  unequivocally  identify 
their  tertiary  structure  when  interacting  with  Y  |  and  Y2  receptors,  a  D-Ala6  residue 
was  introduced  in  place  of  the  flexible  aminohexanoic  acid.  This  modification 
was  expected  to  induce  a  putative  /3-turn,  and  was  certainly  tolerated  since  3 
shows  Y[  and  Y2  receptor  affinities  equal  to  that  exhibited  by  2.  Additional 
constraint,  such  as  that  imposed  by  cyclization  in  compound  4,  resulted  in  an 
analog  which  bound  to  Y2  specific  cells  with  even  higher  affinity,  though  significant 
loss  of  affinity  to  Y ,  receptor  containing  cells  was  observed.  Changing  the  length 
of  the  sidechain  bridge  or  chirality  of  the  bridge  arrangement  resulted  in  decreased 
binding  affinities  (5-7),  suggesting  that  our  original  modification  had  already 
been  optimized.  A  second  possibility  for  conformational  restriction  was  inve¬ 
stigated  by  bridging  two  faces  of  the  a-helical  segment  of  NPY  (8).  This  again 
resulted  in  Y2  affinity  nearly  equal  to  that  of  native  NPY,  with  complete  loss 
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Table  1  NPY  deletion  analogs  with  cyclic  constraints 


Compound 

Y,  K,a 

Yi  K,b 

1. 

NPY 

2.0<±0.14) 

0  3(2:0.1) 

2. 

Des-AA^24[Ahx5] 

260  ( i:.oi 

1.0  (±0.2) 

3. 

Des-AA7",4(D-Ala«] 

290  (±48) 

0.9  (±0.6) 

4. 

Cyclo(2/27)des-AA7-24[Glu:,D-Ala6,D-Dpr27] 

>1000 

0.3  (±0.1) 

5. 

Cyclo(2/27)des-AA7-24[D-Glu2,D-Ala6,D-Dpr27] 

233  (±61) 

1.1  (±0.3) 

6. 

Cyclo(2/27)des-AA,'24[Asp2,D-Ala6,D'Dpr27) 

>1000 

1.5  (±0.4) 

1. 

Cyclo(2/27)des-AA7  24[Asp2,D-Ala6,D-Lys27] 

>  1000 

0.5  (±0.1) 

8. 

Cyclo(28/32)des-AA7-24[D-Ala6,Lys2i!,Glu-'2l 

>1000 

0.5  (±0.1) 

9. 

Bicvclo(2/27.28/32)des-AA7'24 

[Glu2-32,n-Ala6,D-Dpr27,Lys2li] 

>1000 

0.3  ( ±0.1) 

J  Ki  expressed  in  nM  using  SK-N-MC  human  neuroblastoma  cells. 
hKi  expressed  in  nM  using  SK-N-BE2  human  neuroblastoma  cells. 


of  Y |  affinity.  Finally,  by  constructing  an  analog  that  encompassed  both  bridge 
arrangements  (9),  a  highly  constrained  molecule  was  obtained  which  exhibited 
no  affinity  for  the  Y!  receptor  and  a  Kj  of  0.3  nM  for  the  Y2  receptor,  equal 
to  that  of  NPY.  Although  Yi  binding  affinity  was  reduced  by  central  truncation 
(2,3),  affinity  was  lost  entirely  when  conformational  restriction  of  termini  was 
introduced  (9).  Thus,  essential  information  needed  for  the  enhancement  of  Y, 
receptor  recognition  appears  to  be  a  function  of  certain  residues  within  the  central 
a-helical  core  while  the  flexibility  of  the  termini  may  be  also  required  for  ultimate 
and  maximal  Y,  receptor  mediated  bioactivity.  In  contrast,  despite  major 
truncation  and  introduction  of  one  or  two  internal  lactam  bridges,  optimized 
analogs  showed  unexpectedly  high  specificity  for  the  Y2  receptor  subtype  with 
affinities  equal  to  that  of  NPY. 
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Introduction 

Suppose  we  had  a  practical  method  of  surveying  all  possible  short  peptides 
of  a  certain  length  for  the  ability  to  bind  specifically  to  an  antibody,  receptor, 
or  other  ligate.  Would  such  a  collection  be  an  ‘all-purpose’  ligand  library, 
containing  specific  ligands  for  any  ligate?  This  does  not  seem  beyond  the  realm 
of  possibility,  given  the  tremendous  multiplicity  of  sequences  -  there  are  64 
million  hexapeptides,  for  instance  -  and  the  great  number  of  conformations 
available  to  any  one  of  these  sequences.  Mario  Geysen  and  his  colleagues,  in 
a  paper  that  inspired  the  present  work,  coined  the  term  ‘mimotope’  for  a  short 
peptide  that  mimicks  the  binding  properties  of  an  epitope  that  is  not  itself  a 
short  peptide  [  1  ].  A  peptide  library  containing  mimotopes  for  any  ligate  would 
be  a  powertul  new  tool  in  the  cell  biologist’s  armamentarium.  It  could  open 
up  new  wavs  ot  studying  molecular  recognition.  It  could  provide  leads  to  new 
classes  ot  agonists,  antagonists,  enzyme  inhibitors,  virus  blockers,  and  other 
pharmaceuticals.  It  could  be  the  basis  of  new  stratagies  for  vaccine  development. 
And  so  forth. 

Results  and  Discussion 

A  critical  test  of  the  mimotope  idea 

Large  libraries  of  random  hexapeptides  or  15-mers  designed  to  be  easily 
surveyed  for  strong  ligands  have  been  reported  by  three  groups  [2-4],  The  peptides 
in  these  libraries  are  displayed  on  the  surface  of  phage  particles  whose  internal 
DNA’s  contain  the  corresponding  coding  sequences.  That  allows  the  library 
to  be  surveyed  without  the  need  to  pick  through  peptides  one  at  a  time,  as 
follows.  The  library  -  i.e.,  phage  mixture  -  is  reacted  en  masse  with  immobilized 
ligate,  thus  affinity  purifying  precisely  the  clones  of  interest:  those  displaying 
a  peptide  that  binds  the  ligate  tightly.  The  bound  phage  are  still  alive,  and 
can  be  cloned  and  propagated  simply  by  infecting  fresh  bacteria.  The  peptides 
responsible  for  binding  are  easily  determined  by  sequencing  the  relevant  segment 
of  the  viral  DNA. 

For  one  very  diverse  class  of  ligates,  at  least  -  antibodies  -  this  system  works 
as  hoped.  Essentially  all  antibodies  that  are  known  in  advance  to  react  strongly 
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with  short  peptide  epitopes  (so-called  linear  epitopes)  fish  out  of  the  library 
phage  displaying  peptides  that  are  similar  or  identical  to  the  peptide  immunogen. 
From  this  it  is  reasonable  to  conclude  that  if  the  library  contains  strong  peptide 
ligands  for  an  antibody,  that  antibody  will  identify  at  least  some  of  those  peptides. 
We  should  caution  against  extending  this  inference  to  other  sorts  of  ligates, 
especially  monovalent  ones  [2,3]. 

The  proven  success  of  phage  peptide  libraries  in  the  case  of  anti-peptide 
antibodies  permits  a  critical  test  of  the  mimotope  idea.  Very  few  antibodies, 
it  should  be  noted,  are  directed  against  linear  peptide  epitopes.  Even  protein- 
specific  antibodies  mostly  recognize  folded  epitopes,  comprising  residues  that 
are  distant  in  the  primary  sequence  of  the  antigen  but  adjacent  in  its  folded 
structure.  The  question,  then,  is  whether  these  antibodies  find  mimotopes  tn 
a  phage  peptide  library.  To  address  that  question  we  have  surveyed  our  random 
hexapeptide  library  [2]  with  20  antibodies  against  folded  and  non-proteinaceous 
epitopes  to  see  if  indeed  they  are  able  to  identify  hexapeptide  mimotopes. 

Results  with  20  antibodies  against  folded  and  non-protein  epitopes 

Each  antibody  was  used  to  affinity-purify  clones  from  the  random  hexapeptide 
library,  and  —  20  clones  isolated  after  three  rounds  of  selection  were  sequenced 
to  determine  the  sequence  of  the  displayed  peptide.  Results  are  summarized 
in  Table  1.  Eight  antibodies  -  six  specific  for  folded  protein  epitopes  and  two 
for  non-proteinaceous  haptens  -  found  potential  mimotopes.  Peptides  were 
classified  as  mimotopes  if  they  showed  a  sequence  motif  that  did  not  resemble 
any  short  linear  sequence  in  the  antigen,  and  that  was  not  one  of  the  two  non¬ 
specific  binding  motifs  -  PW(E/A)WLX  and  GDWVFI  -  that  have  appeared 
in  many  of  our  experiments  with  antibody  and  non-antibody  ligates  of  diverse 
specificity.  The  results  are  shown  as  mimotopes  in  the  table  even  if  non-specific 
or  non-consensus  peptides  also  appeared.  Another  three  antibodies  identify  what 
we  call  ‘half-epitopes’:  peptides  that  are  similar  to  a  short,  linear  segment  of 
a  protein  antigen’s  primary  sequence,  but  probably  do  not  represent  the  entire 
(presumably  folded)  epitope.  The  remaining  nine  antibodies  either  did  not  select 
peptides  with  a  recognizable  sequence  motif,  or  selected  one  of  the  non-specific 
binding  motifs  mentioned  above. 

A  mimotope  for  the  AIDS  virus 

The  best-studied  mimotopes  are  those  identified  with  monoclonal  antibody 
(MAb)  28G12  (M.  Gefter,  M.-C.  Kuo,  J.L.  Greenstein,  and  G.P.  Smith, 
unpublished),  directed  against  the  highly  variable  principal  neutralizing  deter¬ 
minant  (PND)  on  the  envelope  protein  gpl20  of  HIVE  The  eliciting  immunogen 
was  from  HIV1  strain  IIIB,  whose  PND  has  the  sequence  CTRPNNNTRKSIRIQRGP 
GRAFVTIGKIGNMRQAHC  (the  two  cysteines  being  disulfide-bonded).  When 
used  to  survey  the  hexapeptide  library,  this  antibody  selected  clones  with  the 
sequence  motif  SQXNRS,  which  has  no  recognizable  similarity  to  any  of  the 
known  PND  sequences  [5].  The  antibody  bound  the  phage  by  ELISA,  though 
the  signal  was  20-50  times  weaker  than  is  typical  for  antibodies  against  short 
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Table  1  Results  of  surveying  the  hexapeptide  phage  library  with  antibodies  against  folded 
protein  epitopes  or  non-proteinaceous  haptens.  Rules  for  classifying  peptides  as  mimotopes, 
half-epitopes,  or  non-specific  are  given  in  the  text 


Antibody 

Immunogen 

Peptides 

ELISA3 

MAb  13 

hCG<> 

half-epitope 

-0 

MAb  14 

hCG 

half-epitope 

-0 

MAb  18 

hCG 

no  consensus 

-0 

MAb  35 

hCG 

no  consensus 

~0 

HvHEL 5 

lysozyme 

non-specific 

HvHEL 8 

lysozyme 

non-specific 

HvHEL 9 

lysozyme 

non-specific 

HvHEL  10 

Ivsozvme 

mimotope 

O-weak 

MAb  28Gi2 

HIV1  apl20 

mimotope 

5-15 

MAb  IG7 

HIV1  gpl20 

no  consensus 

MAb  OKB-7 

CD21 

half-epitope 

MAb  3-4B 

RNAP  IF 

mimotope 

30-33 

MAb  DB3 

progesterone 

no  consensus 

MAb  26-10 

digoxin 

no  consensus 

IgG  RFJ 

IgG 

mimotope 

IgM  RF“ 

IgG 

non-specific 

polyclonal 

U1  snRNP  70KC 

2  mimotopes 

polyclonal 

UI  snRNP  Ac 

3  mimotopes 

polyclonal 

biotin 

mimotope 

polyclonal 

digoxigenin 

3  mimotopes 

'  Signal  •  10'  from  ELISA  with  immobilized  phage,  carried  out  as  in  [2]. 

h  Human  chorionic  gonadotropin.  MAb's  against  this  hormone  were  supplied  by  V.C.  Stevens. 
Large  subunit  ot  the  Caenorhabditis  elegans  RNA  polymerase  II.  This  MAb  was  supplied  by  M. 
Golomb. 

11  Human  leG  and  IgM  rheumatoid  factors  (autoantibodies  against  lgG)  from  a  single  patient, 
supplied  bs  M.  Mannik. 

'  70  KDa  and  A  polvpeptide  subunits  of  VI  snRNP:  supplied  by  \  fakeda. 


linear  peptide.  Free  peptide  containing  the  sequence  SQRNRS  blocks  binding 
of  28G12  to  native  gp!20,  though  at  concentrations  (K,  ~~5  gM)  considerably 
higher  than  a  peptide  encompassing  the  entire  PND  (K,<<3  pM).  When  mice 
were  immunized  with  the  SQRNRS-containing  peptide,  a  small  but  definite 
fraction  of  the  elicited  antibodies  cross-reacted  with  gpl20,  indicating  that 
SQRNRS  mimicks  PND  as  an  immunogen  as  well  as  a  ligand. 

Conclusions 

It  is  doubtful  that  the  weakly-binding  SQRNRS  mimotope  would  itself  serve 
as  a  useful  component  of  an  AIDS  vaccine,  but  our  results  do  suggest  that 
the  mimotope  approach  has  considerable  promise  in  vaccine  development.  A 
key  virtue  of  the  approach  is  that  ligands  (i.e.,  candidate  immunogens)  can  be 
identified  without  reference  to  advance  knowledge  of  the  antibody’s  specificity. 
This  not  only  is  a  convenience  when  no  such  knowlege  is  available,  but  also 
permits  discovery  of  entirely  unexpected  ligand  structures.  If  vaccine  development 
were  regarded  as  a  drug  discovery  problem  -  and  is  it  not  precisely  that  in 
essence?  -  even  weak  mimotopes  could  be  looked  on  as  promising  leads  to 
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potent  haptens.  The  extension  of  these  remarks  to  drug  discovery  in  general 
and  to  other  applications  is  obvious. 

The  hexapeptide  library  studied  here  is  only  the  first  try  at  an  ‘all-purpose’ 
ligand  library.  Perhaps  it  can  be  modified  in  various  ways  in  order  to  be  able 
to  identify  stronger  mimotopes  for  a  larger  proportion  of  ligates.  One  approach 
would  simply  be  to  increase  the  length  of  the  random  peptide  in  the  hope  that 
a  longer  sequence  will  be  able  to  mimick  a  wider  range  of  folded  or  non-protein 
epitopes;  as  mentioned  earlier,  a  15-mer  library  has  already  been  reported  [4], 
Another  would  be  to  constrain  the  randomized  residues  in  some  way  -  by 
introducing  disulfide  bonds,  for  instance,  or  by  displaying  them  in  the  context 
of  a  small  folded  domain.  By  reducing  the  flexibility  of  the  random  peptide 
segments  or  forcing  them  into  otherwise  unlikely  conformations,  such  constraints 
might  increase  the  proportion  of  time  the  peptide  spends  in  a  binding  con¬ 
formation.  Of  course  this  potential  increase  in  affinity  will  be  bought  at  the 
cost  of  reducing  the  total  number  of  molecular  shapes  represented  in  the  library. 
It  remains  to  be  seen  where  the  optimal  balance  lies,  and  how  close  we  can 
get  to  our  goal  of  an  all  purpose  ligand  library. 
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Introduction 

Combinatorial  assembly  is  a  powerful  method  for  generating  chemical  diversity. 
Using  combinatorial  methods,  new  techniques  have  recently  been  described  for 
creating  large  libraries  of  peptides  [  1—4],  Huge  collections  of  peptides  on  phage 
have  been  produced  by  the  cloning  and  expression  of  mixtures  of  oligonucleotides. 
Each  phage  clone  displays  a  distinct  peptide,  and  those  that  bind  tightly  to 
a  receptor  can  be  identified  by  panning,  isolation  of  individual  clones,  and  DNA 
sequencing.  Similarly,  combinatorial  mixtures  of  peptides  can  be  chemically 
synthesized  and  then  panned  against  biological  receptors.  Those  rare  peptides 
with  high  affinity  can  be  identified  and  then  extracted  from  the  mixture.  These 
methods  are  potentially  very  powerful  for  discovery  of  ligands  to  biological 
receptors. 

When  screening  a  mixture  of  peptides,  those  of  highest  affinity  are  selected 
and  subsequently  sequenced  for  identification.  However,  in  order  to  take  full 
advantage  of  the  information  contained  within  a  combinatorial  synthesis,  one 
would  like  to  examine  the  interaction  of  a  receptor  with  the  entire  set  of 
compounds.  We  have  recently  introduced  a  method  that  uses  light  to  generate 
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Fig.  /  Light-directed  spatially  addressable  parallel  chemical  synthesis. 
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he  Fluorescence  scan  of  an  array  of  4(Nt >  peptides. 

a  .spatially  defined  array  ol  peptides  and  which  allows  both  parallel  combinatorial 
synthesis  and  parallel  screening  of  a  large  number  of  compounds  [1].  Highly 
efficient  synthesis  strategies  have  been  developed  which  create  the  maximum 
number  of  compounds  in  the  fewest  number  of  chemical  steps.  The  result  is 
a  spatially  defined  array  where  the  location  of  each  compound  is  precisely  know  n, 
and  a  receptor  can  therefore  be  screened  against  the  entire  array.  In  addition, 
one  can  examine  trends  in  receptor  interaction  resulting  from  the  systematic 
variation  of  chemical  composition. 

Light-directed  chemical  synthesis  merges  two  well  developed  technologies, 
photolithography  and  solid  phase  chemistry.  The  key  aspects  of  this  technology 
are  highlighted  in  f  ig.  1. 

Synthesis  occurs  on  a  silica  substrate  which  has  been  derivatized  with  amino 
propyl  silane,  where  the  photochemical  protecting  group  nitroveratryloxycar- 
bonyl  (NVOC)  blocks  the  amino  termini  [5].  The  substrate  is  illuminated  through 
a  photolithographic  mask  (M,).  selectively  removing  NVOC  protecting  groups. 
The  illuminated  areas  arc  now  active  for  amino  acid  coupling.  The  substrate 
is  incubated  with  the  first  of  a  set  of  chemical  building  blocks,  each  bearing 
the  NVOC  group  on  the  amino  terminus.  Coupling  will  only  occur  at  those 
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sites  which  were  addressed  by  light  during  the  first  illumination.  After  coupling, 
a  different  region  of  the  substrate  is  illuminated  through  M2,  and  the  coupling 
cycle  is  repeated.  The  pattern  of  illumination  and  the  order  of  coupling  reagents 
define  the  products  and  their  location.  Since  photolithographic  methods  are 
used,  both  miniaturization  and  precise  spatial  localization  are  achieved.  Con¬ 
sequently,  the  number  of  compounds  that  can  be  synthesized  is  limited  only 
by  spatial  resolution.  Since  the  position  and  composition  of  each  compound 
is  known,  its  interaction  with  other  molecules  (e.g.,  receptors)  can  be  quantitatively 
assessed. 

One  method  to  assay  an  array  of  compounds  is  to  incubate  the  array  with 
a  fluorescently  tagged  receptor,  and  then  scan  the  array  with  an  epifluorescence 
microscope.  A  fluorescence  intensity  map  is  generated  of  the  entire  array  where 
the  fluorescence  intensity  of  each  synthesis  cell  is  proportional  to  the  affinity 
of  the  receptor/peptide  complex  at  that  site.  Radiolabeled  or  chemiluminescent 
probes  are  also  easily  used. 

Figure  2  shows  a  fluorescence  scan  of  a  twelve  step  binary  synthesis  [1]  using 
amino  acids  Tyr,  Gly,  Pro,  Ala,  Phe,  Trp,  Gly,  Phe,  Met,  Gin,  Leu,  and  Ser. 
Following  synthesis,  the  4096  compound  array  was  screened  against  mouse 
monoclonal  antibody  3-E7  which  is  directed  against  /8-endorphin  and  requires 
an  amino  terminal  tyrosine  for  high-affinity  binding  [6].  The  array  was  incubated 
first  with  3-E7  and  then  with  fluorescein-labeled  goat  anti-mouse  IgG.  The  results 
of  the  fluorescence  scan  yield  striking  trends;  of  the  top  100  peptides  (ranked 
by  fluorescence  intensity)  94  have  the  motif  YGXFXX.  All  of  the  top  100  peptides 
begin  with  YG,  while  A,  G,  and  P  dominate  position  three,  and  M  and  Q 
dominate  position  five.  These  results  are  in  agreement  with  the  known  peptide 
requirements  for  high  affinity  binding  to  antibody  3-E7  [6]. 

Light-directed  spatially  addressable  parallel  chemical  synthesis  is  a  powerful 
new  tool  for  generating  chemical  diversity.  Through  design  of  the  combinatorial 
synthesis  and  choice  of  modified  chemical  building  blocks,  these  arrays  can  be 
used  for  initial  ligand  discovery.  Alternatively,  components  of  a  known  ligand 
can  be  systematically  varied  in  order  to  optimize  affinity  binding.  Using  this 
approach,  the  detailed  interaction  of  a  receptor  with  each  compound  in  the 
synthesis  is  evaluated.  The  result  is  a  data  set  which  yields  both  high  and  low 
affinity  interactions,  as  well  as  the  chemical  trends  which  dictate  affinity 
recognition. 
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Introduction 

A  very  active  field  in  modern  drug  discovery  involves  the  creation  of  small 
acceptor-binding  peptides  that  can  act  as  agonists  of  the  natural  ligand.  Using 
site-directed  mutagenesis  [1,2]  or  chemical  modification  of  native  ligands  [3,4], 
their  binding  sites  can  be  identified.  This  laborious  approach  has  had  moderate 
success  and  has  lead  several  groups  to  take  a  more  global  approach  and  attempt 
to  develop  diversified  libraries  of  peptides  from  which  ligands  can  be  identified. 

Geysen  et  al.  [5-8]  devised  a  system  to  synthesize  peptides  on  polyethylene 
pins  for  epitope  mapping  and  mimotope  determination.  Recently,  three  groups 
[9-11]  have  reported  on  the  insertion  of  randomly  generated  DNA  fragments 
into  gene  III  of  a  filamentous  bacteriophage  for  generating  peptide  libraries. 
From  such  large  phage-peptide  libraries  ligands  specific  to  two  anti-myoheme- 
rythrin  monoclonal  antibodies  [10],  an  anti-/?-endorphin  monoclonal  antibody 
[11],  andstreptavidin[12]  have  been  identified.  Recently,  Fodor  et  al.  [12]  reported 
the  development  of  a  light-directed,  spatially  addressable  parallel  chemical 
synthesis  technique  to  synthesize  an  array  of  1024  peptides  simultaneously  on 
a  glass  microscope  slide. 

We  developed  an  overall  scheme  for  production  of  large  synthetic  peptide 
libraries  which  are  used  for  selection  and  identification  of  binding  ligands  for 
specific  acceptor  molecules  [13].  We  describe  this  technology  as  the  Selectide 
process  [14],  This  process  uses  standard  chemical  methods  (e.g.  Fmoc  or  Boc 
chemistry)  for  peptide  synthesis  for  the  generation  of  extremely  large  random 
synthetic  peptide  libraries  (106-107  chemical  entities).  During  library  synthesis, 
we  separated  the  beads  after  each  coupling  cycle  into  a  predetermined  number 
of  separate  equal  aliquots  for  the  next  coupling  cycle,  and  allowed  each  aliquot 
of  beads  to  react  to  completion  with  a  single  activated  amino  acid.  The  individual 
aliquots  of  beads  were  then  thoroughly  mixed,  washed,  the  amino  protecting 
group  removed,  and  the  process  repeated  with  the  mixture  again  separated  into 
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Table  1  Peptide  sequences  of  individual  beads  that  interacted  with  streptavidin0 


HPQFV 

LHPQF 

MYHPQ 

WNHPM 

HPQGP 

FHPQG 

REHPQ 

WIHPM 

HPQAG 

GHPQN 

1QHPQ 

WHPMA 

THPQN 

GNHPQ 

MHPMAb 

QHPQG 

TVHPQ 

1HPQG 

IGHPQ 

GHPQG 

WMHPQ 

GAHPQ 

PLHPQ 

AIHPQ 

AAHPQ 

TPHPQ» 

J  These  ligands  were  identified  by  screening  a  2476099  (19?)  peptide  library. 

h  Two  1  PHPQ  sequences  and  two  MHPMA  sequences  were  identified,  no  other  repeats  were  detected. 


a  number  of  equal  aliquots.  After  a  predetermined  number  of  coupling  cycles, 
the  N-terminal  and  side  chain  protecting  groups  were  removed  and  the  peptide 
library  was  ready  to  be  screened.  For  libraries  generated  by  this  synthetic  method, 
each  resin  bead  contains  a  single  peptide  entity. 

In  order  to  screen  for  binding  ligands,  the  library  is  mixed  with  a  ‘tagged’ 
acceptor  molecule  (e.g.  a  monoclonal  antibody).  Ligand  beads  that  bound 
acceptor  molecules  were  identified  by  staining  either  with  fluorescence  or  an 
enzyme-catalyzed  color  reaction  coupled  to  the  acceptor  molecules.  Stained  beads 
were  then  physically  removed  and  the  peptide  sequence  on  each  individual  bead 
determined  by  Edman  degradation  using  an  automatic  protein  sequencer. 


Results  and  Discussion 


A  large  library  with  the  structure  X-X-X-X-X-/?Ala-aminocaproic  acid  ethvl- 
enediamine  polydimethylacrylamide  resin  was  prepared  wherein  X=19  of  the 
20  eukaryotic  amino  acids  (all  but  cysteine)  at  each  coupling  step.  The  theoretical 
number  of  individual  pentapeptides  synthesized  was  2476099  (195).  This  library 
was  screened  first  against  streptavidin  and  then  against  an  anti-/3-endorphin 
monoclonal  antibody. 

The  sequences  determined  for  28  beads  selected  for  binding  streptavidin  are 
summarized  in  Table  1.  The  beads  had  a  consensus  sequence  of  either  HPQ 
or  HPM.  Preview  analysis  of  each  of  these  sequences  demonstrated  a  final  coupling 
efficiency  of  97.5-100%  after  the  fifth  coupling  cycle.  At  least  50  pmol  of  peptide 
was  generally  recovered  from  each  peptide  bead.  To  prove  that  the  HPQ  consensus 
sequences  interact  with  the  biotin-binding  site  of  the  streptavidin  molecule, 
LHPQF-resin  was  synthesized.  Biotin  blocked  the  staining  of  the  LHPQF-resin 
by  streptavidin-alkaline  phosphatase  in  a  concentration-dependent  fashion. 

In  case  of  the  anti-/3-endorphin  system,  6  binding  peptide  ligands  were 
identified:  YGGMV,  YGALQ,  YGGLS.  YGGFA,  YGGFT  and  YGGFQ.  All 
of  these  peptides  have  close  resemblance  to  the  native  ligand  Leu-enkephalin 
(YGGFL).  The  affinity  constants  for  these  selected  ligands  to  anti-/3-endorphin 


493 


K.S.  Lam  et  al. 


Table  2  Affinity  of  peptide  ligands  to  anti-(S-endorphin 


Peptide 

Ki,  nm 

YGGFL* 

17.5  ±  3.2 

YGGFA 

32.9  ±  2.0 

YGGFT 

36.9  ±  7.7 

YGGFQ 

1 5.0  ±  1.7 

YGGLS 

726  ±  134 

YGALQ 

1980  ±  303 

YGGMV 

8780  ±1500 

*  YGGFL  is  [Leu-')enkaphalin.  the  native  ligand  for  the  anti-jS-endorphin  monoclonal  antibody. 


monoclonal  antibody  are  shown  in  Table  2.  Of  note,  YGGFQ  had  a  Ki  value 
of  15.0  which  is  at  least  as  good  as  that  of  the  natural  ligand  YGGFL  (Ki  =  17.8). 


Conclusions 


The  process  described  in  this  paper  uses  only  synthetic  peptide  chemistry  and 
does  not  rely  on  a  biological  system  for  synthesis,  amplification  or  screening. 
Chemically  synthesized  libraries  can  take  advantage  of  the  rich  methodology 
that  has  been  developed  for  condensation  chemistry  and  incorporate  unnatural 
amino  acids  and  strategies  favoring  a  specific  secondary  structure  (including 
cyclic  peptides).  Such  versatility-  in  massive  library  construction  is  currently 
achievable  only  with  the  Selectide  technology. 

In  our  experience,  a  library  of  106-107  peptides  can  easily  be  synthesized  in 
a  matter  of  a  few  days,  and  can  be  subjected  to  an  initial  screening  within 
a  day.  Since  the  stained  beads  stand  out  conspicuously  in  a  background  of 
colorless  beads,  detection  of  peptides  binding  the  labeled  acceptor  molecule  is 
simple  and  straightforward. 

This  technology  provides  new  approaches  with  which  to  search  for  specific 
ligands  of  diagnostic  or  therapeutic  value.  It  also  facilitates  gathering  information 
on  peptides  of  different  chemical  composition  which  nevertheless  are  able  to 
interact  physically  with  the  same  acceptor  macromolecule.  Integration  of  in¬ 
formation  on  binding  of  various  peptides  with  molecular  modeling  techniques 
should  enhance  fundamental  understanding  of  peptide-acceptor  interactions. 
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Introduction 

Information  on  the  relative  tendencies  of  residues  to  racemize  during  coupling 
is  of  value  for  selecting  the  points  of  assembly  that  might  lead  to  the  least 
amount  of  epimerization  during  the  linkage  of  segments  to  form  a  u  *sired  peptide. 
Information  available  on  the  subject  is  limited  [1].  Only  with  peptides  incor¬ 
porating  the  activated  residue  as  the  single  variable  can  reliable  information 
be  acquired  [1,2].  With  the  objective  of  adding  to  the  limited  information,  we 
have  carried  out  experiments  with  a  peptide  series  analogous  to  our  Z-Gly- 
Xaa-OH  [3]  and  N-benzoyl-Xaa-OH  [4]  4-  H-Lys(Z)-OBzI  (benzyl)  series  that 
have  already  proved  useful. 

A  series  of  24  Z-Gly-Xaa(R)-OH  peptides,  where  Xaa=  15  different  residues 
and  R  =  H,  NFL,  rBu,  Bzl  and  other  were  coupled  with  H-Val-OBzlHCI/.V- 
methylmorpholine  (NMM).  The  reagents  used  were  vV.A'-dicyclohexylcarbodi- 
imide  (DCC),  benzotriazol-l-yl-fm-(dimethvlamino)phosphonium  hexafluoro- 
phosphate  (BOP)  [5]  and  0-benzotriazolyl-iV,A,,AriV'-tetramethyluronii,m  hexa- 
flurophosphate  [BtO-C(Me2N)2+PF6‘]  (BTU)  [6])  all  in  the  presence  of  I- 
hydroxvbenzotriazole  (HOBt)  in  DMF  at  +  5°C,  and  isopropyl  chloroformate/ 
NMM  (mixed  anhydride,  MxAn)  [7]  in  DMF  at  -5°C.  Epimerization  was 
established  by  determining  the  epimeric  products  by  reversed-phase  HPLC  after 
removal  of  benzyl-based  protecting  groups  [8]  except  for  Xaa(R)  =  Met,  Cys(SrBu) 
and  Lys(Z)  where  the  fully  protected  products  were  analyzed  by  normal  phase 
HPLC  [9],  and  for  Xaa(R)=  His(Trt)  where  the  products  were  hydrolyzed  and 
L/D-histidine  were  determined  as  the  EtOCO-Phe-His-OH  epimers  by  HPLC 
after  derivatization  with  (Et0C0-Phe)20  [10]. 

Results  and  Discussion 

The  results  are  given  in  Table  1.  The  order  of  sensitivity  depended  on  the 
solvent  (BOP-HOBt/CH2Cl2  results  not  shown),  and  on  the  method  of  coupling. 
The  order  for  MxAn  reactions  was  very  different  than  the  order  for  HOBt- 
assisted  reactions,  and  the  order  for  DCC-HOBt  reactions  was  not  the  same 
as  the  order  for  BOP-HOBt  and  BTU-HOBt  reactions.  The  orders  for  BOP- 
HOBt  and  BTU-HOBt  reactions  also  varied  to  some  extent.  The  most  consistently 
stable  residue  was  Phe.  followed  by  Asp(OBzl),  Asn,  Gin  and  Lys(Z).  If  one 
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Table  1  Racemization  during  couplings  of  Z-Gly-Xaa-OH  with  H-Val-OBzl  HCl  in 
dimethy!formamide“ 


Xxx 

MxAnb 

DCC 

BOP 

BTU 

Ala 

8.6 

12.1 

1.0 

3.4 

Leu 

7.5 

<  0.1 

<  0.1 

0.7 

Nle 

6.3 

0.7 

1.0 

<  0.1 

Val 

11.2 

2.4 

8.6 

3.0 

Ilec 

12.5 

1.0 

4.4 

3.9 

Phe 

2.3 

0.7 

<  0.1 

1.5 

Trp 

8.4 

N.P. 

1.0 

3.4 

Met 

3.2 

4.2 

3.9 

5.4 

Ser 

28. 7d 

2.5 

1.2 

8.7 

Thr 

33.1 

6.7 

4.6 

3.2 

25.2 

Tvr 

56. 4d 

2.4 

8.6 

5.7 

Asn 

1.2 

2.0 

1.7 

1.2 

Gin 

1.9 

N.P. 

2.6 

0.4 

Asp(OBzl) 

0.7 

1.5 

1.2 

2.3 

Glu(OBzl) 

3.3 

9.1 

2.2 

2.3 

Cys(S/Bu) 

13.8 

4.7 

9.7 

4.3 

Ser(tBu) 

3.8 

7.5  ' 

7.0 

5.8 

Ser(Bzl) 

6.5 

1.0 

1  1 

7.6 

11.2 

ThrfrBuy 

11.9 

8.9 

15.4 

13.9 

ThrfBzl^ 

2.9 

6.4 

17.2 

13.0 

Tvr(Bzl) 

4.6 

2.2 

5.1 

1.3 

Lvs(Z) 

4.2 

10 

0.8 

1.3 

HisfTrtl 

111 

8.4 

7.6 

6.2 

Arg(Mtr) 

20.1 

74. 7J 

7.1 

8.4 

63. 6d 

■'  i>-i  cpimer  formed  at  —  5  C.  One  equiv.  of  NMM  and  HOBt  added  for  DCC  reactions.  Two 
equiv.  of  diisopropyiethvlaminc  and  I  equiv.  of  HOBt  added  for  BOPand  TBU  reactions.  N.P.  =  no 
product. 

h  iPrOCOCI/NMM.  5-min  activation  at  -5nC;  NMM  to  neutralize  HC1. 

"  Product  is  a//o-isomer. 
d  Yield  =  25%  of  normal. 


excludes  MxAn  reactions,  and  takes  into  account  the  lower  yields  obtained  in 
couplings  at  activated  Asn  and  Gin,  then  Phe,  Leu,  Nle,  Lys(Z)  and  Asp(OBzl) 
are  the  most  desirable  residues  at  which  to  carry  out  activation  and  coupling. 
Leu  and  Phe  have  already  been  identified  as  the  most  resistant  to  inversion 
of  the  unfunctionalized  residues  in  DMF  [3,1 1];  Val  and  He  have  been  considered 
to  be  the  most  sensitive  to  racemization  in  polar  solvents  [3, 1 1  ].  It  is  now  apparent 
that  several  other  residues,  in  particular  the  0-protected  hydroxyamino  acids 
[12]  and  Arg(Mtr)  are  likely  to  undergo  more  inversion  during  coupling  in  DMF. 
On  the  other  hand,  in  MxAn  reactions,  residues  with  aliphatic  side  chains  clearly 
did  undergo  the  most  inversion. 
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Introduction 

The  chemical  synthesis  of  a  peptide  or  a  protein  containing  one  or  more 
disulfide  bonds,  requires  as  the  final  step,  the  formation  of  these  disulfide  bonds 
of  cysteine  residues.  A  general  scheme  common  to  both  the  solution  and  solid- 
phase  syntheses  is  the  simultaneous  folding  and  disulfide  formation  of  the  fully 
deblocked  molecule  in  an  aqueous  solution  by  a  mild  oxidant  to  form  the  desired 
product  with  the  correct  disulfide  bonds.  Here,  we  report  a  selective  and  efficient 
method  for  disulfide  bond  formation  in  peptides  by  dimethylsulfoxide  (DMSO). 
DMSO  has  been  known  to  be  a  mild  oxidizing  agent  for  simple  organic  thiols 
producing  H20  and  dimethylsulfide  as  harmless  byproducts  [1,2].  It  is  miscible 
with  H20  at  all  concentrations  and  thus  a  high  concentration  of  DMSO  could 
effect  the  desirable  rate  of  reactions.  Furthermore,  oxidation  by  DMSO  could 
also  be  performed  at  acidic  to  basic  pH  to  overcome  the  limitation  of  the 
conventional  methods  of  oxidation  of  using  air  or  mixed  disulfides. 

Results  and  Discussion 

A  series  of  model  basic  peptides  derived  from  residue  93-120  of  human  basic 
fibroblast  growth  factor  was  used  to  test  the  effectiveness  of  oxidation  by  DMSO 
(Table  1).  These  peptides  are  rich  in  aromatic  and  /3-branch  amino  acids  that 
tend  to  aggregate  at  basic  pH  required  by  the  conventional  air  oxidation.  Each 


Table  1  Model  peptides  based  on  basic  fibroblast  growth  factor  sequence  100-115 


AnalogJ 

Sequence ( + 100) 

0 

12  3  4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

FGF(  100- 1 15)  S 

N  N  Y  N 

T 

Y 

R 

S 

R 

K 

Y 

T 

S 

W 

Y 

TY-IK6) 

_ 

C 

_ 

_ 

_ 

C 

_ 

_ 

_ 

- 

CY-1K7) 

C 

- 

- 

- 

- 

- 

C 

- 

- 

- 

- 

CY-1 1(8) 

C 

- 

- 

- 

- 

- 

- 

C 

- 

- 

CY-I2<9) 

C 

- 

- 

- 

- 

- 

- 

- 

C 

- 

- 

- 

CY-12(  10) 

C 

- 

- 

- 

- 

- 

- 

- 

- 

C 

- 

- 

SY- 16(10) 

-  -  -  c 

- 

- 

- 

- 

- 

- 

- 

- 

c 

- 

'  The  nomenclature  of  the  analog  (e.g.  TY-ll(6))  is  denoted  by  the  amino  acids  at  each  end  of 
its  sequence  (TY).  the  number  of  amino  acids  in  the  peptide  chain  (11)  and  in  the  disulfide  loop 
(6,  in  parenthesis). 
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peptide  contained,  Arg107-Serl08-Arg109-Lysl  i0.  For  CY- 1 2(10),  disulfide  formation 
was  observed  to  be  completed  in  about  1  h  when  the  volume  ratios  of  DMSO 
were  between  10  to  30%.  At  40  to  50%  DMSO,  the  reaction  was  completed 
within  0.5  h.  On  the  other  hand,  at  concentrations  below  5%,  the  reaction  was 
prolonged  to  2  to  6  h.  In  the  absence  of  DMSO  and  in  the  presence  of  air, 
the  reaction  required  more  than  7  h  for  completion. 


Table  2  Comparison  of  pH-dependent  rates  of  disulfide  formation  by  DMSO  and  air 
oxidation 


PH 

i 0-k ,  (miri 

r‘V* 

TY-1K6) 

CY-1  i(7) 

CY-1 1(8) 

CY-12(9) 

CY-1 2(10) 

SY-1600)b 

8 

2.7(  <  0.01  )c 

31(1.3) 

3.8(  0.5) 

2. 4(0. 3) 

5.4(  1.0) 

2.2(  <  0.0 1 ) 

7 

2.6(<0.01) 

11.2(1.6) 

4.6(  0.8) 

17.0(4.5) 

11. 8(  1.4) 

2.7(  <  0.0 1 ) 

6 

3.2(  <  0.0 1  > 

66(0.7) 

6. 1(  1.0) 

1. 0(0.2) 

10. 3(  0.8) 

2.5(  <  0.01 ) 

5 

2.7(  <0.01) 

3. 5(0.3) 

4.0(  <0.01) 

1. 3(0.2) 

3.9(  <0.01 ) 

2.7(  <  0.0 1 ) 

4 

2.7(  <0.01 ) 

- 

2.6(  <  0.0 1 ) 

- 

2.8(  <0.01) 

2.4<  <  0.01 ) 

3 

2.2(<0.01) 

3.1(<0.01) 

- 

2.6(<0.01) 

2.5(<0.01) 

‘  Pseudo  first  order  rates. 
b  See  Table  1  for  compound  designation. 
c  The  rates  of  air  oxidation  are  in  parenthesis. 


Using  20%  DMSO  in  aqueous  solution  as  the  folding  and  oxidation  medium, 
the  disulfide  formation  was  rapid  in  all  the  model  peptides  studied  (Table  2). 
A  50%  conversion  to  the  disulfide  was  found  to  occur  within  5-30  min  and 
the  complete  reaction  in  0.5-4  h  was  observed  by  analytical  C18  RPHPLC.  At 
the  completion  of  the  disulfide  formation,  the  solution  was  diluted  two  fold 
and  loaded  directly  to  a  preparative  RPHPLC  for  purification  to  give  32  to 
46%  overall  yield.  The  integrity  of  each  purified  peptide  was  determined  by 
252Cf  Fission  ion  MS  and  the  observed  molecular  mass  was  found  to  agree  with 
the  calculated  values.  In  contrast,  parallel  experiments  using  air  oxidation  at 
pH  8.0  in  the  absence  of  DMSO  were  found  to  require  4  to  72  h  for  completion. 
In  some  cases,  air  oxidation  did  not  result  in  the  formation  of  any  significant 
amount  of  products. 

Two  major  requirements  in  the  disulfide  formation  of  peptides  or  proteins 
are  selectivity  and  efficiency  met  by  the  use  of  DMSO.  DMSO  is  a  mild  oxidant 
specific  for  the  oxidation  of  sulhydryls  to  sulfur-sulfur  bonds.  Side  reactions 
that  result  in  the  oxidation  of  nucleophilic  side  chains  of  amino  acids  such  as 
those  of  Met,  Trp.  Tvr,  or  His  has  not  been  observed  within  the  pH  range 
of  3  to  8. 
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Introduction 


The  efficiency  of  solid  phase  methodology  with  allylic  anchoring  groups 
(HYCRAM™*)  is  demonstrated  in  the  construction  of  glycosylated  Peptide  T 
sequences.  The  octapeptide  A-S-T-T-T-N-Y-T  is  a  partial  structure  of  the 
glycopeptide  120,  which  occurs  on  the  surface  of  the  HIV-virus  [1].  This  peptide 
is  able  to  block  the  CD4-receptor  of  T-lymphocytes  and  protects  them  against 
the  attack  by  the  virus.  However,  it  is  hydrolyzed  by  proteases  within  a  few 
min.  Therefore,  it  appeared  demanding  to  synthesize  glycosylated  peptides  of 
this  type  (Peptide  A  shown  in  Fig.  1)  which  should  have  increased  stability 
against  proteases. 


Fig.  I.  N-Glycosylated  octapeptide  T. 


The  allylic  anchoring  groups  bound  to  poly(4-aminomethyl)styrene  like  the 
esters  of  amino  acids  with  4-hydroxycrotonic  acid  (HYCRAM-  and  /3-HYCRAM- 
resin  [2-5])  allow  to  release  the  synthesized  glycopeptides  under  practically  neutral 
conditions  by  application  of  the  palladium(0)-catalyzed  allyltransfer  [6.7]  to 
weak  nucleophiles  like  N-methyl  aniline.  In  the  syntheses  of  glycosylated  Peptide 
T  sequences,  the  Fmoc  group  was  used  as  the  temporary  amino  blocking  group 
whereas  tBu-type  protection  was  applied  for  side  chain  functions.  This  strategy 
is  compatible  with  the  reaction  conditions  used  for  glycopeptide  synthesis. 


•HYCRAM  and  /J-HYCRAM  are  Trade  Marks  of  the  ORPEGEN  GmbH,  Heidelberg,  Germany. 
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Results  and  Discussion 


After  linking  of  the  standard  amino  acid  /3-alanine  via  Boc-/3-Aia-OH  to  poly(4- 
aminomethyl)styrene  [8]  and  the  subsequent  cleavage  of  the  Boc-group  (TFA/ 
CH2CU  1:1,  1  h),  the  preformed  anchor  structure  Fmoc-Thr(OtBu)-Cro-OH 
was  attached  to  the  obtained  resin  with  the  /3-alanine  side  chain  (Fig.  2).  The 


Fig.  2.  The  allvlic  anchoring  group  in  (3-HYCRAM. 

preformed  conjugate  contains  the  C-terminal  amino  acid  bound  to  4-hydroxy 
crotonic  acid  as  an  allylic  ester.  It  can  easily  be  synthesized  from  the  cesium 
salt  of  the  N-protected  amino  acid  and  the  4-bromo-crotonic  acid  phenacyl  ester. 
The  solid  phase  synthesis  of  glycopeptide  A  and  B  were  performed  according 
to  the  procedures  summarized  in  Table  1 . 

The  removal  of  the  Fmoc-group  was  achieved  with  morpholine/CFFCK  (1:1) 
since  this  weak  base  does  not  cause  the  /3-elimination  of  the  carbohydrate  moiety 
from  the  sensitive  O-glycopeptides  [9].  The  final  release  of  the  glycopeptides 


Table  1  Solid  phase  synthesis  of  glycosylated  peptide  T  derivatives and  their  amino  acid 
analvsist’ 


Peptide  A:  Boc-A-S(OtBu)-T(OtBu)-T(OtBu)-T(OtBii)-N(Ac4Gal-AcjGlcNAc)-Y(OtBu)-T<OtBu>-OH 
Peptide  B:  Boc-A-S(Ac4Gal)-T(OtBu)-T(Ac4Gal)-T(OtBu)-N(Ac,GlcNAc)-Y(OtBu)-T(OtBu)-OH 

Fmoc-amino  acid  Excess  AA  Coupling  Amino  acid  analysis 

_  Ume  (h)  on  resin  purified 

A  B  A  B  (theor.)  A  B  A  B 


1.  Fmoc-Thr(OtBu)-Cro-OH 

2.  Fmoc-Tvr(OtBu)-OH 

3a.  Fmoc-Asn(Ac4Gal-Ac2GlcNAc)-OH 
3b.  Fmoc-Asn(AcjGlcNAc>-OH 
4.  Fmoc-Thr(OtBuFOH 
5a.  Fmoc-Thr(OtBu)-OH 
5b.  Fmoc-Thr(Ac4Gal)-OH 
6.  Fmoc-Thr(OtBu)-OH 
7a.  Fmoc-Ser(OtBu)-OH 
7b.  Fmoc-Ser(Ac4Gal)-OH 
8.  Boc-Ala-OH 


A  ( 1) 

N(!) 

S(l) 

T(4) 

Y(l) 


1.07  0.80  1.19  1.04 
1.20  1.17  1.30  1.30 
0.96  0.80  1.20  1.09 
4.17  4.17  3.84  3.70 
1.20  1.50  1.19  0.91 


a  Removal  of  the  FMOC-group:  2  h  morpholine/CH2Cl2  1 :  1.  1  h  addition  of  10%  DMF. 

Removal  of  the  glycopeptides:  8  h,  10  mol%  Pd(PPh,)4/ 10-fold  excess  N-methvlaniline/DMSO. 
Coupling  conditions:  3  h  CH2CI2,  1  h  addition  of  10%  DMF.  2-fold  excess  HOBt.  1.2-fold  excess 
DIC. 


b  Cleavage  from  resin  (%):  peptide  A,  60%.  peptide  B.  40%. 
Yield  after  HPLC  (peptide  A):  1.95  g  (47%). 
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A  and  B  was  carried  out  in  oxygen  free  solvents  under  argon  atmosphere  and 
protection  from  light  by  using  the  palladium(O)  catalyst  and  N-methyl  aniline 
as  allylic  acceptor.  Under  these  conditions  all  blocking  groups  and  the  O-  and 
N-glycosidic  linkages  remained  unaffected.  The  peptides  set  free  were  purified 
by  liquid  chromatography  and  preparative  HPLC.  In  the  ‘H-l 2 3 4 5 6 7 8 9H  COSY  and 
'H-,3C  correlated  NMR  spectra  all  'H  and  l3C  resonances  could  be  assigned 
unambiguously. 
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Introduction 

Aggregation  of  growing  peptide  chains  is  one  of  the  main  reasons  for  incomplete 
amino  acylations  during  solid  phase  peptide  synthesis  of  so-called  ‘difficult 
sequences’.  This  phenomenon  is  caused  by  partial  /3-sheet  formation  of  the 
pendant  chains  involving  hydrogen  bridges  between  peptide  bonds.  Several 
approaches  to  the  disruption  of  amide  hydrogen  bonding  have  been  described 
including  the  use  of  different  solvents  such  as  perfluorinated  alcohols,  additives 
such  as  chaotropic  salts  or  urea,  low  resin  substitution,  or  heat  treatment  [1,2]. 
The  most  effective  but  difficult  route  to  avoid  hydrogen  bonds  would  be  the 
blocking  of  the  N“-H  by  an  additional  protecting  group  [3].  This,  however, 
must  fit  into  an  overall  protection  scheme,  preferentially  an  already  established 
one,  and  should  have  no  negative  influence  (steric  or  electronic)  on  the  reactivity 
of  the  a-amino  function.  Based  on  Fmoc/tBu  chemistry  [4]  we  have  evaluated 
several  potential  protecting  groups  with  respect  to  the  ease  of  introduction, 
removal,  and  effect  on  coupling  efficiencies  in  the  synthesis  of  a  difficult  model 
peptide. 

Results  and  Discussion 

Our  aim  was  to  find  a  convenient  route  for  a  direct  introduction  of  the  new 
protecting  group  into  the  available  protected  amino  acid  derivatives.  By  using 
the  Mannich  reaction  [5]  we  succeeded  in  generating  a  protecting  group  with 
the  general  structure  R-X-CH2.  (Fig.  1).  If  X  is  a  heteroatom  with  a  free  electron 
pair,  this  group  is  acid  labile  (back  reaction  of  Fig.  1)  and,  thus,  compatible 
with  conventional  Fmoc/tBu  protection  tactics.  Most  Fmoc/tBu  protected  amino 
acids  regiospecifically  react  at  the  a-proton.  Amino  acids  with  an  acidic  proton 
in  the  (protected)  side  chain  will  also  react  at  this  site.  The  compounds  are 
prepared  by  heating  1  eq.  Fmoc-AA-OH  with  3-6  eq.  paraformaldehyde  and 

R-C-N-CHR’-COR" 

-H;0  0  CHj 

•  HjO  X 

ft'" 

Fig.  1.  Introduction  of  an  amide  protecting  group  by  the  Mannich  reaction.  R-CO  conventional  fa- 
amino  protecting  group,  acid  stable:  R‘:  side  chain  of  the  amino  acid:  R":  OH,  active  ester  or  protecting 
group:  R"‘  rest  of  the  new  protecting  group;  X:  O.  S.  NRS  (RN  ^  H)  etc. 


R  " '  XH 


CH,Q 


R-C-N-CHR'-COR' 

ii  : 

0  H 
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Fig.  2.  Course  of  coupling  yields  during  the  solid  phase  synthesis  of  (Ala),  3. 

10  eq.  R-X-H  (serves  also  as  solvent)  at  90-100  °C  for  2  days  in  a  closed  reaction 
vessel.  Purification  is  carried  out  by  reversed  phase  chromatography. 

A  wide  variety  of  structures  for  the  second  protecting  group  can  be  achieved 
although  they  differ  in  ease  of  introduction  and  stability.  Examples  [6]  are 


Fmoc-(Mom)Gly-OH 
Fmoc-(Bom)Val-OH 
Fmoc-(Etm)Ala-OH 
Fmoc-(  Ptm )  Ala-O  H 


Mom:  methyloxymethyl 
Bom:  benzyloxymethyl 
Etm:  ethyloxymethyl 
Ptm:  phenylthiomethyl 


To  directly  compare  coupling  efficiencies  during  the  preparation  of  a  peptide 
sequence  which  is  known  to  aggregate,  (Ala)i3  was  synthesised  in  parallel  on 
solid  supports  (cellulose  discs  [7])  using  either  Fmoc-Ala-OH  or  Fmoc-(Ptm)Ala- 
OH.  Amino  acid  derivatives  were  coupled  as  HOBt  ester  (DIPC  activation) 
in  DMF  and  coupling  yields  were  determined  by  quantitative  Fmoc  analysis. 
Clearly,  the  Ptm-derivative  improves  coupling  yields  over  the  conventional  alanine 
derivative  (Fig.  2).  We  consider  this  new  system  of  protecting  groups  a  promising 
way  to  avoid  chain  aggregation  in  conventional  stepwise  SPPS  and  probably 
also  in  fragment  condensation. 
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Introduction 

The  simultaneous  multiple  peptide  synthesizer  is  very  attractive.  We  have 
constructed  an  automated  simultaneous  solid  phase  peptide  synthesizer  (Model 
PSSM-8)  equipped  with  eight  independent  channels,  which  can  generate  variable 
amount  (0.005-0.4  mmol  scale)  of  high  quality  peptides.  The  reaction  vessels, 
made  from  polypropylene  syringes  with  a  polypropyrene  filter  at  the  bottom, 
and  amino  acid  vials  are  disposable.  Simultaneous  cleavage  using  the  same 
reaction  vessels  can  be  easily  performed.  Using  an  off-line  personal  computer 
two  software  packages  for  a  PSSM-8  were  developed.  One  is  a  calculation  program 
for  synthesis  (strategy,  chemistry,  sequence,  side-chain  protection,  resin  quantity 
and  substitution,  and  excess  amount  of  amino  acids)  and  the  second  is  an  operation 


.L.  . 

'l _ 

Column 

SynProPep  RPC  18 

(4  6  x  250  mm) 

Eluent: 

0.01  N  HCI/CH3CN 

85/15-55/45  (30  mm) 

Flow  rate 

1  0  ml/mm 

Absorbance 

210  nm 

Fig.  I.  HPLC  profiles  of  cleaved  crude  peptides  in  eight  channels.  A:  rat  NM(l6-25 );  B:  porcine 
(p)  NM-K;  C:  pNM-L;  D:  pNM-B:  E.  pNM-C:  F:  pNM-N:  G:  pNM-U8;  H:  pGRP(  18-27). 
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Column  SynProPep  Kat 

(4  0  ■  250  mm) 

Eluent  5  mM  NaH2P04  (pH  3  0) 

5  mM  NaHjPOj.  1  M  NaCI. 

gradient  A/B  =  100/0- 
75/25  (30  mm) 

Flow  rate:  1  0  ml/mm 

Absorbance  210  nm 

Fig.  2.  HPLC  profiles  of  cleaved  crude  peptides  by  four  different  methods. 

program  which  controls  the  functions  of  the  valves,  times  including  washing, 
injection  volume  of  reagents  or  solvents  by  the  micro-syringe  or  amino  acid 
vessels.  Input  data  are  stored  on  the  IC-memory  card,  which  is  inserted  into 
the  PSSM-8,  for  automated  synthesis.  The  PSSM-8  has  its  own  micro-processor 
with  a  40  x  2  liquid  crystal  display  which  expresses  real  time  monitoring,  therefore 
this  instrument  can  be  operated  manually  without  the  IC-card. 

Results  and  Discussion 

Several  peptides  were  successfully  synthesized  by  PSSM-8.  Rapid  simultaneous 
cleavage  was  performed. 

(1)  Leucine  Enkephalin  was  prepared  in  eight  channels  with  the  same  chemistry, 
scale  (Fmoc  Leu-Wang  resin,  0.38  meq/g,  30  mg)  and  protocol.  The  peptidvl 
resin  of  each  channel  (A-H)  was  cleaved  to  provide  free  peptides  which  were 
almost  theoretical  yields  and  almost  identical  and  single  peak  on  HPLC  analysis 
among  eight  channels.  The  material  showed  high  homogeneity  by  AAA.  se¬ 
quencing  and  FABMS. 

(2)  Eight  different  neuromedin  (NM)  related  peptides  were  synthesized.  Cleaved 
peptides  were  obtained  in  good  yields  (almost  theoretical)  and  were  analyzed 
by  RPHPLC  (Fig.  1)  and  were  highly  pure. 

(3)  Liver  cell  growth  factor,  a  tripeptide  Gly-His-Lys  was  simultaneously 
prepared  by  four  different  chemical  procedures,  namely  A:  diisopropyl-carbo- 
diimide-HOBt,  B:  BOP/HOBt,  C:  TBTU,  and  D:  OPfp  ester.  Yield,  HPLC. 
profiles  and  analysis  as  above  showed  no  significant  difference  in  four  procedures 
and  satisfactory  purity  (Fig.  2). 

For  the  rapid  evaluation  of  synthetic  chemistry  or  reaction  conditions,  as 
well  as  studies  of  epitopes  or  structure  activity  relationship,  the  present  instrument 
is  very  useful. 
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Introduction 

We  have  developed  a  method  for  the  removal  of  the  tert-butyloxycarbonyl 
(Boc)  group  from  the  acid  sensitive  aminoacyl  resins  [Boc-amino  acid-OCH2- 
R]  with  either  1  M  chlorotrimethylsilane-1  M  phenol-CH2Cl2  (DCM)  or  1  M 
chlorotrimethylsilane-3  M  phenol-DCM  reagents  (1  M  CTMS-3  M  phenol). 
Compared  to  50%  TFA-DCM  these  reagents  improved  10-fold  the  stability  of 
the  side  chain  protecting  groups  and  also  substantially  reduced  losses  due  to 
the  cleavage  of  the  benzyl  ester  linkage  connecting  the  Boc-amino  acid  to  the 
resin.  While  deprotection  required  48  h  with  1  M  CTMS-DCM,  it  took  only 
1  h  with  1  M  CTMS-1  M  phenol-DCM  and  it  was  completed  in  only  20  min 
with  the  I  M  CTMS-3  M  phenol-DCM  reagent;  the  same  time  as  with  the 
50%  TFA-DCM  reagent.  To  account  for  these  increases  in  the  rates  of  depro¬ 
tection,  the  formation  of  CTMS-phenol  complexes  was  proposed  [I].  We  show 
herein  that  the  CTMS-phenol,  and  not  free  HC1  in  the  reagent,  is  responsible 
for  the  Boc-removal  and  also  show  solid  phase  synthesis  of  peptides  (SPPS) 
with  the  1  M  CTMS-3  M  phenol  reagent. 

Results  and  Discussion 

For  the  kinetics  of  Boc-removal,  HCl-containing  and  HCl-free  1  M  CTMS- 
1  M  phenol  reagents  were  used.  The  HCl-containing  reagent  was  obtained  by 
mixing  equal  volumes  of  2  M  CTMS-DCM  and  2  M  phenol-DCM  stock  solutions 
which  immediately  resulted  in  the  limited  scale  reaction:  1  M  [CH3]3SiCl  +  1  M 
C6H5OH  —  0.94  M  [CH3]3SiCl  +  0.94  M  C6H5OH  +  0.06  M  [CH3]3SiOC6H5  + 
0.06  M  HC1,  which  did  not  proceed  further  at  least  for  24  h.  The  concentration 
of  the  [CH3]3SiOC6H5-ether  was  determined  by  NMR  [2]  and  of  the  free  HC1 
by  microanalysis  [3].  This  was  then  the  HC1  -containing  l  M  CTMS-1  M  phenol 
reagent.  The  HCl-free  reagent  was  prepared  by  stirring  for  20  h  the  2  molar 
stock  solutions  with  solid  Na2C03,  after  filtration  mixing  equal  volumes  of  the 
filtrates,  stirring  this  mixture  with  solid  Na2C03  for  20  h  and  immediately  after 
filtration  using  the  filtrate  for  kinetics.  NMR  [2]  and  microanalysis  [3]  identified 
the  filtrate  as  HCl-free  1  M  CTMS-1  M  phenol.  Both  reagents  were  used  for 
the  deprotection  of  a  Boc-VaI-OCH2-resin.  Samples  were  removed  at 
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intervals  and  the  concentration  of  NH2  on  the  resin  was  determined  with  the 
ninhydrin  assay  [4].  The  deprotection  followed  pseudo  first  order  kinetics  (Fig. 
1)  and  the  reaction  was  second  order  in  phenol  (Ti/2:  18  min  in  1  M  phenol 
and  2  min  in  3  M  phenol,  both  1  M  in  CTMS). 

The  1  M  CTMS-3  M  phenol-DCM  reagent  was  used  successfully  for  deprc- 
tection  in  the  course  of  the  SPPS  on  benzyl  ester  resin  for  the  following  peptides: 
[Leu5]enkephalin,  [Val5]angiotensin,  GRF(l-ll)  and  glucagon.  The  purity  of 
the  crude  products  were  in  the  range  of  88-95%  as  judged  by  RPHPLC. 

The  almost  identical  rates  of  deprotection  found  with  the  HCl-containing  and 
HCl-free  reagents  (Fig.  1)  shows  that  CTMS  and  phenol,  not  free  HCl  in  the 
reagent,  are  the  deprotection  agents  for  the  Boc  group.  The  1  M  CTMS-3  M 
phenol-DCM  reagent  proved  to  be  useful  in  SPPS. 
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Introduction 

There  have  been  many  examples  of  /2-turn  mimetics  with  cyclic  peptides  or 
peptide  surrogates  [1],  a-Helical  peptide  conformation  restriction  via  lactam 
formation  between  the  side  chains  of  Lys'  and  Glul+4  residues  has  also  been 
studied  [2]. 

We  have  designed  and  synth  sized  an  ethylene  glycol  cross-linked  amino  acid 
DDDA,  2,9-diamino-4,7-dioxadecanedoic  acid  (1)  [3].  This  new  cross-linked 
amino  acid  may  have  utility  in  /3-turn  conformational  restriction.  The  ethylene 
glycol  cross-link  is  expected  to  be  more  hydrophilic  than  its  carbon  chain  or 
disulfide  counterparts,  while  it  also  has  good  lipid  solubility,  while  the  favorable 
gauche  placement  of  the  OCCO  bond  may  have  a  structural  property  currently 
unavailable  in  disulfide  cross-linkers. 

According  to  molecular  models  this  ethylene  glycol  cross-link  is  also  quite 
compatible  with  an  a-helical  conformation  when  DDDA  replaces  the  i  and  i  +  3 
residues  of  an  a-helix,  and  the  residue  i  is  in  the  ^-configuration.  We  have 
synthesized  a  cyclic  tetrapeptidc  CP4  containing  an  ethylene  glycol  cross-link 
between  residues  1  and  4.  This  cyclic  peptide  can  readily  be  extended  to  form 
oligo-alanine  analogs  for  direct  comparison  with  Baldwin's  oligo-alanine  a-helical 
peptides  f 4].  We  report  here  the  synthesis  and  conformational  studies  of  CP4. 

Results  and  Discussion 

Although  the  cyclic  peptide  CP4  has  an  unusual  ring  size  (16-member),  the 
cyclization  proceeded  without  difficulty.  The  selectively  deprotected  ethylene 
glycol  cross-linked  DDDA  was  first  coupled  with  Boc-Ala-Ala  (2  eq.)  by  a  mixed 
anhydride  method  in  83%  yield  (including  the  TFA  deprotection  step).  The 
conditions  for  c.  lization  with  (PrP02)3  reported  by  Rich  [5]  in  the  synthesis 
of  cyclosporin  was  effective  for  cyclizing  the  linear  precursor  of  CP4  (r.t.,  2 
days;  50%  yield  including  two  deprotection  steps).  Two  stable  conformational 
isomers  were  separated  by  chromatography  (near  1:1  ratio  after  separation). 
No  interconversion  of  these  two  isomers  was  observed,  indicating  that  the  ethylene 
glycol  cross-link  provides  effective  conformational  restriction. 

FTIR  spectra  of  CP4A  and  CP4B  were  analyzed  according  to  two  peak 
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Table  1  Secondary  structure  contents  estimated  by  FTIR  analysis 


in  DMSO 

in  KBr 

LP4 

CP4A 

CP4B 

LP4 

CP4A 

CP4B 

a-helical 

0.13 

0.14 

0.11 

0.05 

0.21 

0.15 

/3-strand 

0.06 

0.23 

0.39 

0.73 

0.23 

0.28 

turns 

0.77 

0.58 

0.44 

0.14 

0.37 

0.48 

unordered 

0.04 

0.05 

0.06 

0.08 

0.19 

0.09 

assignments  [6,7]  after  Fourier  self-deconvolution  and  were  compared  with  that 
of  the  linear  peptide  LP4,  Boc-(Ala)4-OBn.  The  results  are  summarized  in  'fable 
1.  The  solid  form  of  LP4  was  found  to  be  predominantly  0-sheet.  This  explains 
the  poor  solubility  of  LP4  even  in  polar  solvents.  LP4  in  DMSO  was  found 
to  have  mostly  reverse  turn  structure.  The  cyclic  peptides  were  not  able  to  undergo 
similar  transformation  between  0-sheet  and  reverse  turn.  This  is  another 
indication  that  the  ethylene  glycol  cross-link  confers  conformational  restriction 
in  CP4A  and  CP4B.  The  a-helical  content  in  the  cyclic  peptides  was  significantly 
higher  than  that  of  the  linear  peptide  only  in  the  solid  state. 

The  3D  structures  of  CP4A  and  CP4B  derived  from  2D  NMR  conformational 
analyses  showed  that  the  COOC  bond  assumes  a  gauche  placement  in  both 
conformers  as  predicted  and  that  these  two  cyclic  peptides  are  not  entirely  a- 
helical.  However,  CP4A  does  have  a  conformation  favorable  for  a-helix  growth. 
Two  of  the  three  endocyclic  carbonyls  in  CP4A  are  projecting  toward  the  C- 
terminus  and  the  remaining  one  is  in  a  pivotal  position  favorable  for  interaction 
with  additional  amide  NH  from  the  C-terminai  direction. 
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Introduction 

A  major  concern  in  enzymatic  peptide  synthesis  is  the  potential  cleavage  of 
new,  or  already  existing  peptide  bonds  by  the  hydrolytic  activity  of  the  proteases 
used  as  catalysts.  This  type  ot  side  reaction  may  -  through  transpeptidation 
-  result  in  complex  reaction  mixtures  which  are  difficult  to  work  up  in  an  efficient 
manner.  It  is,  in  our  view,  the  major  limitation  of  using  proteolytic  enzymes 
in  a  general  way,  in  particular  for  the  synthesis  of  long  peptides.  Much 
experimental  work  is  thus  directed  to  establish  conditions  under  which  the 
proteases  would  function  as  “ligands’  exhibiting  little  or  no  protease  (ie.  amidase) 
activity,  while  the  esterase  activity  is  left  intact. 

Results  and  Discussion 

The  results  presented  here  show  that  the  addition  of  any  one  of  three  polar 
organic  solvents  to  an  aqueous  enzymatic  reaction  significantly  lowers  the  rate 
ot  that  reaction.  However,  the  extent  to  which  the  rate  is  lowered  is  dependent 
upon  the  nature  ot  the  reaction  (esterolysis.  proteolysis),  the  specific  enzyme 
and  the  substrate.  Compared  to  pure  water,  the  rates  of  esterase  and  protease 
activity  in  mixed  solvents  are  not  suppressed  to  the  same  extent,  nor  is  there 
a  pattern,  in  the  sense  that  one  activity  is  always  reduced  less  than  the  other. 

The  various  solvent  elfects  are  most  easily  seen  in  Fig.  1,  where  we  present 
the  ratios  of  rate  constants  for  esterase  activity  vs.  protease  activity  for  different 
enzymes  . 

For  chymotrvpsin,  the  esterase/protease  ratio  is  lower  in  all  mixed  solvents 
compared  with  pure  water.  However,  esterase  activity  of  chvmotrvp  in  is  reduced 
to  a  greater  extent  in  mixed  media  than  amidase  activity.  This  effect  is  more 
pronounced  tor  longer  LHRH  peptides,  where  the  esterase  and  amidase  rate 
constants  are  nearly  equal  in  mixed  media.  For  elastase.  the  situation  is  contrary 
to  that  of  chymotrvpsin.  With  this  enzyme  the  esterase/protease  ratios  for  mixed 
solvent  media  are  all  higher  than  the  ratio  in  pure  water.  In  this  case,  protease 
activity  is  suppressed  to  a  greater  extent  in  mixed  media  than  esterase  activity. 
Thus,  the  mixed  media  is  the  preferred  one  for  synthesis. 

Our  results  indicate  that  high  concentrations  of  polar  solvents  drastically  reduce 
esterase  as  well  as  protease  activity.  The  rates  of  the  two  activities  are  not  affected 
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LHRH  (1-5)  OMa  :  LHRH  (1-10)  NH2  EGF  (3-fl)OBZ1  :  EGF(3-14)NH2 


CH3CN  CH3CN  DNF  DMSO  CH3CN  DMF  DM90 


Fig.  1.  Coupling  of  peptides  in  various  solvents  catalyzed  by  chymotrypsin  or  elastase. 

always  in  favor  of  a  synthetically  advantageous  (increased)  ratio  of  esterase  to 
protease  activity.  The  solvent  effects  depend  on  the  structure  of  the  reactants 
and  the  type  of  enzyme.  There  are  clearly  differences  from  one  solvent  to  another. 

Thus,  the  indiscriminate  use  of  high  concentrations  of  a  particular  solvent 
does  not  always  ensure  that  the  product  is  stable,  i.e.,  that  the  protease  acts 
as  a  true  ligase,  and  careful  on-line  monitoring  of  the  reaction  course  to  determine 
the  point  of  maximal  yield  and  subsequent  removal  or  inactivation  of  the  enzyme, 
is  still  a  necessity.  In  our  opinion,  the  routine  use  of  high  solvent  concentration 
is  not  warranted  from  an  experimental  point  of  view.  Operationally,  high  solvents 
are  a  distinct  disadvantage  (in  particular  for  large  scale  work)  since  they  require 
more  enzyme,  and,  more  critically,  the  solvents  have  to  be  removed  during  work 
up,  and  then  be  disposed  of. 
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Introduction 

The  synthesis  of  chiral  non-protemaceous  a-amino  acids  is  an  area  of  great 
interest  due  to  their  potential  use  in  a  wide  variety  of  biologically  active  peptides 
and  natural  products  [1].  We  wish  to  report  a  direct  and  versatile  approach 
involving  modification  of  the  side  chain  of  L-serine.  This  route  has  been  previously 
been  of  limited  value  due  to  the  tendency  of  protected  derivatives  of  serine 
to  either  racemize  at  the  a-center  or  to  undergo  elimination.  We  reasoned  that 
protection  of  the  acid  function  as  an  ortho  ester  should  reduce  the  acidity  of 
the  a-proton,  preventing  these  side  reactions. 

Results  and  Discussion 

The  ortho  estet  of  Fmoc-Ser  (iV-(9-fIuorenylmethoxycarbonyl)-L-serine-4-met- 
hyl-2,6,7-trioxabicyclo[2.2.2]octane.  3.  has  been  synthesized  in  high  yields  via 
the  3-methyl-3-hvdroxymethyloxetane  ester  2.  prepared  from  Fmoc-Ser  (Scheme 
1).  The  rearrangement  of  2  to  3  is  catalyzed  by  BFjEtiO  [2].  The  protected 
L-Ser  3  can  then  be  oxidized  under  Swern  conditions  to  give  the  aldehyde  4 
in  80-85%  yield.  NMR  chiral  shift  studies  using  Eu(hfc)3  confirm  that  chirality 
is  retained  ( >  95%  ee).  The  aldehyde  can  be  reacted  with  a  variety  of  reagents. 
Stabilized  Wittig  reagents  produce  /3,y-unsaturated  amino  acids  of  predominantly 
E  configuration  (>95:5  E:Z)  in  high  yield  with  no  racemization  (Scheme  2). 
The  stereoselectivity  can  be  altered  to  the  Z  isomer  (12:88  E:Z)  by  use  of 
a  bis(trifiuoroethyl)phosphonate  ylide  [3].  The  a,/3-unsaturated  carbonyls  present 
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R*  •  PSP.CHCOjCHj,  R3-  COsCHj.  R3-  H 

fl' .  PhjP-CHCOCHj.  R 3- COCHj.  R3-  H 

R*  -  PhjP-CHO,  R3.  CHO.  R3.  H 

fl1  -  (CF3CHjO)^>(0)^HCO^H,..  R!-  H.  R3-  OOjCH, 

in  these  adducts  provide  potential  for  further  synthetic  manipulation.  The 
aldehyde  also  undergoes  Grignard  reaction  with  a  variety  of  nucleophiles,  leading 
to  /J-hydroxy  a-amino  acids  (Scheme  3).  The  extent  of  diastereoselectivity  during 
addition  is  currently  being  examined. 

The  protecting  groups  can  be  removed  separately  or  simultaneously;  Fmoc 
with  piperidine/CH2Cl2,  the  ortho  ester  with  HC1/H20,  or  both  with  a  TFA 
-Cs2C03  [4]  sequence.  This  strategy  is  being  extended  to  other  or-amino  acids. 


SclMflM  3 
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Introduction 


Non-proteinaceous  /3-hydroxy  L-a-amino  acids  are  abundant  in  nature.  Besides 
being  important  constituents  of  several  biologically  important  peptides  such  as 
cyclosporin  they  are  useful  synthetic  intermediates  for  the  chemical  synthesis 
of  more  complex  molecules  such  as  the  /3-lactam  antibiotics.  As  part  of  our 
efforts  to  develop  better  methods  to  access  this  class  of  compounds  we  screened 
a  number  of  micro-organisms  for  their  ability  to  produce  aldolase  and  to  catalyse 
the  aldol  condensation  between  glycine  and  various  aldehydes.  This  commu¬ 
nication  describes  the  results  of  our  preliminary  investigations  with  Pseudomonas 
sp  which  is  the  most  promising  micro-organism  evaluated. 


L-threonine  L-allo-threonine 


Results  and  Discussion 


Pseudomonas  sp  was  grown  for  18  h  at  30°C  under  optimized  medium 
conditions.  The  cells  were  collected  by  centrifugation  at  4°C  and  washed  twice 
with  0.85%  NaCi.  The  biotransformation  medium  contained  20%  cells,  0.16  M 
glycine  and  the  aldehyde  in  0.5  M  citrate-phosphate  buffer  pH  5.6.  The  mixture 
was  incubated  at  30°C  and  agitated  at  150  rpm  for  20  h.  After  centrifugation 
at  (17000  g,  30  min)  the  supernatant  was  heated  at  100°C  for  5  min.  The 
precipitated  proteins  were  removed  by  centrifugation  (17000  g,  5  min)  and  the 
supernatant  filtered  through  a  0.46  cellulose  membrane.  The  filtrate  was 
loaded  onto  a  Dowex  50W-X8  H+  ion-exchange  resin,  and  the  amino  acids 
were  obtained  after  elution  with  1  N  NH4OH.  Table  1  summarized  the  relative 
conversion  of  various  aldehydes  as  monitored  by  HPLC  analysis  of  the  Fmoc 
derivatives.  The  /3-hydroxy  amino  acids  were  separated  from  glycine  by  reverse 
phase  column  chromatography  by  elution  with  H20/MeOH.  The  'H  NMR  spectra 
of  the  products  of  the  condensation  with  butyraldehyde  and  ^-nitrobenzaldehyde 
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Table  l  Biotransformation  product  determination  by  paper  chromatography  using  glycine 
as  cosubstrate  and  varying  the  aldehyde 


Aldehyde 

Rf 

Amount 

Acetaldehyde 

0.30 

+  +  + 

Propionaldehyde 

0.40 

+  + 

Butyraldehyde 

0.53 

+  +  +  + 

Valeraldehyde 

0.61 

+ 

2-Methvl  butvraldehvde 

0.58 

+  + 

Isobutvraldehvde 

0.49 

+  + 

Isovaleraldehvde 

0.60 

+  -1- 

Benzaldehvde 

0.53 

+  + 

/?-Nitrobenzaldehvde 

0.60 

+  +  +  + 

Rf  (glycine):  0.21. 

Rf  (threonine):  0.30. 


indicated  a  mixture  of  two  diastereomers  L-allo/L-threo  in  a  ratio  of  4:  1.  This 
was  confirmed  by  GC  analysis  using  a  Chirasil-Val  chiral  column.  The  stereo¬ 
chemistry  of  the  L-threo  adduct  was  further  confirmed  by  a  chemical  synthesis 
using  Seebach’s  imidazolidinone  chiral  glycine  synthon  [1]. 

From  Pseudomonas  sp  at  least  two  distinct  enzymes  with  aldolase  activity 
are  present:  threonine  aldolase  and  serine  hydroxymethyl  transferase  (SHMT). 
It  is  highly  likely  that  these  two  enzymes  are  responsible  for  the  observed  alio/ 
threo  stereochemistry  of  the  biotransformation  products.  These  two  enzymes 
have  been  separated  in  a  single  purification  step.  Threonine  aldolase  has  been 
purified  to  homogeneity  and  is  currently  being  sequenced. 

This  enzymatic  process  using  whole  cells  of  Pseudomonas  sp  provides  an  efficient 
alternative  to  the  chemical  synthesis  of  various  non-proteineaceous  /3-hydroxy 
a-amino  acids.  The  availability  of  pure  threonine  aldolase  should  make  this 
process  even  more  attractive. 
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Introduction 

Positionally  addressed,  membrane  supported  parallel  synthesis  of  a  plurality 
of  pre-defined  peptide  sequences  in  /ag  amounts  is  presented.  Cellulose  paper 
sheets  are  used  as  absorptive,  membrane  type  support  [1].  The  paper  sheets 
are  derivatized  so  that  free  amino  functions  are  available  for  synthesis  as  distinct 
small  circular  spots.  Peptides  are  assembled  by  manual  or  automated  dispensation 
of  small  aliquots  (0.1-1  /d)  of  solutions  containing  the  appropriate  activated 
amino  acid  derivatives  onto  the  bromophenol  blue  [2]  stained  spots  on  the  sheets. 
Coupling  reactions  can  be  visually  monitored  by  color  change  from  blue  to 
yellow.  This  technique  allows  several  hundred  hexa-  to  octapeptides  to  be 
synthesized  during  one  working  day.  The  method  is  extremely  simple,  rapid 
and  economic  in  use  of  reagents.  Fmoc/tBu  active  ester  chemistry  is  applied. 
The  peptides  can  be  used  cither  immobilized  on  the  paper  in  an  ELISA  type 
of  binding  assay,  or  the  spots  punched  out  and  the  peptides  cleaved  for  use 
in  solution.  Application  of  this  method  to  rapid  epitope  analysis  is  documented. 

Results  and  Discussion 

Esterification  of  an  Fmoc-amino  acid  derivative  onto  the  hydroxyls  of  whole 
paper  sheets  [1]  followed  by  spot-wise  coupling  of  a  second  activated  Fmoc- 
amino  acid  and  then  acetylation  of  all  residual  first  amino  functions  provides 
dipeptide  anchor  groups  arranged  in  an  array  of  distinct  small  circular  spots 
on  the  sheet.  Immobilized  peptides  are  assembled  on  H-/?A!a-/3Ala  anchors, 
while  those  peptides  assembled  on  Boc-Lys-Pro  anchors  can  be  cleaved  via 
diketopiperazine  formation  [3]. 

As  an  example,  a  58-aa-long  immunogenic  region  (CMV26)  of  the  human 
cytomegalovirus  36/40K  protein  [4]  was  divided  into  53  overlapping  hexapeptides 
(offset  =1).  These  were  synthesized  on  both  types  of  derivatized  sheets.  Im¬ 
mobilized  peptides  were  analysed  in  an  ELISA  [5]  for  binding  to  a  polyclonal 
rabbit  anti-CMV26  serum  using  a  /3-galactosidase  conjugated  second  antibody 
and  BCIG  as  substrate:  colored  spots  indicate  binding.  HPLC  profiles  of  crude 
cleaved  peptides  14  to  17  (Fig.  1)  prove  that  the  relevant  peptides  around  the 
epitope  are  of  the  same  high  quality. 
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Introduction 

An  approach  for  identifying  new  drugs  is  to  screen  a  large  number  of  synthetic 
molecules  in  a  relevant  biological  assay.  Here  we  establish  that  pools  of  synthetic 
peptides  containing  about  100  sequences  can  be  readily  prepared  by  coupling 
several  amino  acids  in  a  typical  peptide  synthesis  cycle  and  we  show  that  an 
enzyme  inhibitor  of  angiotensin-converting  enzyme  (ACE)  can  be  found  in  a 
mixture  of  this  complexity. 

Results  and  Discussion 

Figure  I  shows  the  five  peptides  that  were  synthesized  for  this  study.  Peptide 

1  is  closely  related  to  the  known  nonapeptide  inhibitor  of  ACE  [1].  Inhibitor 

2  is  a  mixture  of  125  peptides  synthesized  by  adding  an  equimolar  mixture  of 
L-Pro/D-Ala/D-Phe/o-Lys/D-Asp  wherever  proline  exists  in  inhibitor  1  with  the 
exception  of  the  C-terminal  residue.  The  expectation  was  that  only  the  all  L-amino 
acid  nonapeptide  would  be  active.  The  composition  of  peptide  pools  3  through 
5  is  given  in  Fig.  1. 

Amino  acid  analysis  of  inhibitors  2  and  5  (Table  1)  suggested  that  all  possible 
sequences  were  present  in  the  125-sequence  mixtures.  Also,  this  data  indicated 
that  the  relative  reactivity  of  the  five  amino  acids  in  the  two  mixtures  differed 

pE-Y  -  P-  R-P-Q-l-P-P 
inhibitor  1 

pE-Y-X-R-X-Q-I-X-P  X  =  L-Pro/D-Ala/D-Phe/D-Lys/D-Asp 

inhibitor  2 

pE-Y-P-R-P-Q-I-X-P  X  =  D-Pro 

inhibitor  3 

pE-Y  -  P-  R-  P-Q-I-E-P  underlined  residues  are  d  1  mixtures 
inhibitor  4 

pE-Y-X-R-X-Q-I-X-P  X  =  L-Pro/L-Leu/L-Phe/L-Lys/L-Asp 

inhibitor  5 

Fig.  /.  The  sequence  of  synthetic  nonapeptides  studied  as  angiotensin-converting  enzyme  inhibitors. 
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Table  1  Amino  acid  analysis  of  the  125-sequence  mixtures 


Inhibitor  2 

Inhibitor  5 

amino 

nmole 

ratio 

amino 

nmole 

ratio 

acid 

obs. 

theoretical 

acid 

obs. 

theoretical 

Asx 

2.68 

0.76 

0.6 

Asx 

1.50 

0.92 

0.6 

Glx 

7.18 

2.03 

2.0 

Glx 

3.62 

2.21 

2.0 

Pro 

5.11 

1.44 

1.6 

Pro 

2.60 

1.59 

1.6 

Ala 

2.60 

0.73 

0.6 

Leu 

0.98 

0.60 

0.6 

lie 

3.52 

0.99 

1.0 

lie 

1.58 

0.96 

1.0 

Tyr 

3.35 

0.95 

1.0 

Tvr 

0.97 

0.59 

1.0 

Phe 

2.53 

0.7! 

0.6 

Phe 

1.23 

0.75 

0.6 

Lys 

1.36 

0.39 

0.6 

Lys 

0.62 

0.38 

0.6 

Arg 

3.57 

1.01 

1.0 

Arg 

1.65 

1.01 

1.0 

Table  2 

/Cy0  and  K,  values  for  synthetic  nonapeptides  I  through  5 

Inhibitor 

IC50,  mM 

Ki,  mM 

1 

2.5 

0.59  ±  0.34 

2 

400 

48.1  ±15.9 

3 

-600 

338  ±  8.5 

4 

22 

4.48  ±  2.27 

5 

20 

1.52  ±  0.22 

by  a  factor  no  larger  than  2  to  2.5.  with  aspartic  acid  and  lysine  being  the 
most  and  least  reactive,  respectively. 

Peptides  1  through  5  were  studied  as  inhibitors  of  ACE  with  the  assay  described 
by  Cushman  and  Cheung  [2]  with  the  modification  that  the  rate  of  formation 
of  hippuric  acid  from  Hip-His-Leu  was  determined  by  HPLC  separation  and 
peak  area  integration.  The  ICso  values  for  the  five  inhibitors  are  listed  in  Table 

2.  Substitution  of  a  D-proline  in  the  penultimate  position  of  the  nonapeptide 
(inhibitor  3)  decreased  the  activity  several  hundred  fold.  Inhibitor  2  appeared 
more  active  than  inhibitor  3,  suggesting  that  the  all  L-amino  acid  sequence  was 
present  and  responsible  for  the  added  activity.  A  plot  of  [substrate]/ velocity 
vs.  [inhibitor]  for  the  five  inhibitors  gave  a  series  of  parallel  lines  indicating 
that  the  five  peptides  were  competitive  inhibitors  and  that  the  higher  activity 
of  inhibitor  2  in  comparison  to  that  of  inhibitor  3  is  most  likely  mediated  by 
the  all  L-amino  acid  sequence  in  inhibitor  2.  The  Kj  values  for  these  peptides 
are  listed  in  Table  2.  It  is  important  to  note  that  the  inhibition  constant  of 
peptide  2  was  significantly  lower  than  that  of  the  D-proline  containing  inhibitor 

3,  again  consistent  with  the  above  conclusion. 
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Introduction 

In  our  continuous  flow  synthesizer  we  have  employed  in  situ  activation  of 
Fmoc-amino  acids  by  BOP  (benzotriazole-l-yl-oxy-tris-(dimethylamino)  hexa- 
fluorophosphate)  [1].  The  reaction  scheme  for  the  activation  has  been  proposed 
by  Castro  et  at.  [2].  The  reaction  is  started  by  attack  of  the  amino  acid  carboxylate 
ion  on  the  positively  charged  phosphonium  atom  in  the  reagent.  This  mechanism 
explains  the  strong  dependence  of  the  activation  reaction  on  a  tertiary  amine 
base,  which  we  demonstrated  earlier  [3].  The  disadvantage  of  the  BOP  reagent 
is  generation  of  the  known  cancerogenic  compound  HMPT  (hexamethyl  phos¬ 
phonium  triamide)  during  coupling.  We  therefore  tried  to  replace  the  reagent 
when  Knorr  et  al.  [4]  suggested  a  series  of  alternatives.  The  most  promising 
and  easily  available  of  them  were  TBTU  (2-lH(benzotriazole-l-yl)-l,l,3,3- 
tetramethvluronium  tetrafluoroborate)  and  HBTU.  which  is  the  hexafluoro- 
phosphate  salt  of  the  same  compound.  When  this  derivative  was  used  in  Fmoc 
continuous  flow  synthesis,  a  loss  of  reactive  amino  groups  was  noted  when  the 
reagent  was  added  to  the  resin  before  the  amino  acid  derivative  to  be  activated. 
The  loss  of  amino  groups  was  traced  to  a  reaction  similar  to  the  formation 
of  a  Schiff  base  between  the  tetramethyluronium  in  the  activator  and  the  amino 
groups  on  the  resin.  The  reaction  could  be  modeled  in  solution,  and  the  product 
identified  by  FABMS  and  "C  NMR. 

Results  and  Discussion 

HBTU  and  TBTU  both  served  as  excellent  substitutes  of  BOP  until  the  day 
when  TBTU  was  accidentally  added  to  the  resin  without  amino  acid  to  be 
activated.  After  a  reaction  time  of  30  min  a  loss  of  about  30%  of  the  resin 
bound  amino  groups  was  noticed.  To  study  this  reaction,  it  was  modeled  by 
incubation  of  phenylalanine  amide  and  TBTU  in  DMF  solution.  The  reaction 
was  followed  by  HPLC  analysis  and  after  30  seconds  a  new  product  appeared. 
The  reaction  was  terminated  after  16  h,  and  the  newly  formed  product  isolated 
by  HPLC.  FABMS  showed  a  mass  of  263  dalton  for  the  product  H+.  The 
UC  NMR  using  off-resonance  conditions  shows  one  additional  peak  for  each 
hydrogen  atom  bonded  to  the  carbon  observed,  and  the  singlet  at  159.8  ppm 
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(CHj)2N  O 

\  // 

C=N-CH*C 
/  I  \ 

(CHj)2N  ch2  nh2 

t 

c«Hs 

Fig.  I.  Deduced  structure  of  the  phenylalanine  amtde-TBTU  reaction  product. 

corresponds  to  a  carbon  in  a  guanidinium  function  without  an  additional  C-H 
bond. 

From  NMR  and  MS  data  the  structure  shown  in  Fig.  1  was  deduced  for 
the  reaction  product  between  TBTU  and  phenylalanine  amide.  The  compound 
is  formed  by  nucleophilic  attack  of  the  amino  group  on  the  positively  charged 
uronium  carbon  in  the  activation  reagent.  The  reaction  is  quite  similar  to 
formation  of  a  Schiff  base  between  a  ketone  and  an  amino  group.  The  resulting 
product  is  stable,  however,  to  the  reaction  conditions  in  peptide  synthesis  and 
survives  even  the  final  treatment  with  TFA.  The  truncated  peptide  chains  are 
difficult  to  detect  if  they  occur  at  a  low  level  because  the  blocking  group  is 
also  stable  to  Edman  degradation. 

TBTU  and  HBTU  must  therefore  be  used  with  great  care  for  in  situ  activation. 
It  is  essential  to  add  the  amino  acid  to  be  activated  first  or  mix  amino  acid 
and  activator  before  adding  it  to  the  resin.  An  excess  of  the  reagent  must  be 
avoided. 
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Introduction 

Because  coupling  of  peptide  fragments  by  solid-phase  methods  is  unpredictable 
and  may  not  go  to  completion,  we  have  devised  a  general  procedure  for  the 
synthesis  of  large  peptides  with  the  following  features:  (a)  maximal  protection 
of  the  side  chains  with  lipophilic  groups,  (b)  use  of  the  HMPB  linker,  which 
allows  the  cleavage  from  the  resin  with  retention  of  all  the  protecting  groups, 
(c)  conversion  of  the  carboxyl  group  of  the  C-terminal  fragment  to  its  tert- 
butyl  ester  by  tert-butyl-trichloroacetimidate  (TBTA),  (d)  coupling  of  the  purified 
fragments  in  solution,  and  removal  of  the  protecting  groups  by  TFA. 

Results  and  Discussion 

The  peptides  can  be  synthesized  on  the  HMPB  resin  (Fig.  1)  [1)  using  the 
Fmoc-strategv.  Acylations  are  performed  either  by  activated  esters  (Tcp)  or  by 
preactivation  with  DICD/HOBt.  The  side  chains  are  protected  as  follows:  Boc 
(Lvs.  Trp  [2]),  tBu  (Ser,  Thr,  Tyr).  OtBu  (Asp,  Glu).  Pmc  (Arg),  and  Trt  (His. 
Cys,  Asn,  Gin  [3]). 

Cleavage  of  the  peptides  from  the  resin  is  accomplished  by  trea  ment  with 
1 %  TFA  in  DCM  for  6  to  10  min.  In  the  absence  of  scavengers,  peptides  containing 
Trp  or  Cys  give  a  considerable  amount  of  irreversible  binding  to  the  resin  (Trp: 
84%,  Trp  (Boc):  17%,  Cys  (Trt):  41%,  Cvs  (Acm):  20%r).  However  by  adding 
5%  EDT  tc  the  reaction  mixture  this  was  reduced  to  18%.  4%,  7%,  and  2% 
respectively. 

The  free  a-carboxyl  groups  of  the  otherwise  fully  protected  peptides  can  be 
converted  to  the  tert-butyl  esters  by  treatment  with  tert-butvl-2.2,2-trichloro- 
acetimidate  (TBTA).  The  method  described  by  Armstrong  et  al.  [3]  was  modified, 
eliminating  BF!  as  catalyst  (Fig.  2).  Then  the  Fmoc  group  is  removed  by  piperidine 
in  THF-DHF  solution. 


R-COiO-CH 


CHjO  HMPB 


1%  TFA 


o-(ch;)3-co;nh— (p) 


in  DCM 


R-COOH  +  CFj-CO-HMPB-NH— (p) 


ri?  /.  Cleavage  of  protected  peptides  from  an  HMPB-resm. 
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n  „  J  in  DCE-NMP 

R-COOH  +  CI3C-C  - _  R-COOlBu  +  CI3C-CONH2 

OtBu  60° 

Fig.  2.  Formation  of  ten-butyl  esters  from  C-terminal  carboxyl  groups. 


By  this  reaction  sequence  the  protected  segments  obtained  from  the  resin  are 
transformed  to  amine  components  to  be  used  in  fragment  couplings  in  solution. 
The  intermediates  generally  have  good  solubility  in  organic  solvents  rendering 
their  purification  easy.  The  final  fragment  condensation  in  solution  using  TBTU 
or  HBTU  proceeds  rapidly. 

Using  these  methods,  human  calcitonin  (1-33)  was  synthesized  by  SPPS  of 
fragments  1-10,  11-23,  and  24-33,  cleavage  from  the  resin,  purification,  and 
two  fragment  condensations  in  solution.  All  the  protected  peptides  had  excellent 
solubility  in  organic  solvents,  coupling  reactions  were  fast,  and  the  products 
were  obtained  in  high  yields  and  purity. 
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Introduction 

For  the  construction  of  sensitive  polyfunctional  molecules  (e.g.  the  glycopep¬ 
tides)  and  for  the  synthesis  of  peptides  in  aqueous  solution  an  increasing  demand 
exists  for  new  and  enhanced  protecting  group  techniques.  Since  enzymes  often 
combine  a  high  chemo-  and  regioselectivity  with  a  broad  substrate  specificity 
and  in  many  cases  operate  under  exceptionally  mild  conditions,  their  use  for 
this  purpose  may  yield  advantageous  alternatives  to  chemical  protecting  group 
techniques.  The  use  of  proteases  for  the  removal  of  blocking  functions  from 
peptides  introduces  the  danger  of  an  unwanted  and  sometimes  unforeseeable 
attack  on  the  peptide  bonds.  Therefore,  the  application  of  enzymes,  which  are 
devoid  of  peptidase  and  protease  activity,  for  the  selective  N-  and  C-terminal 
deprotection  of  peptides  and  for  the  construction  of  sensitive  O-glycopeptides 
was  investigated  [1]. 

Results  and  Discussion 

From  N-phenvlacetyl(PhAc)  protected  dipeptide  esters  the  N-terminal  blocking 
group  can  be  removed  selectively  with  penicillin  G  acylase  from  E.  coli  (EC 
3.5.1.11)  at  pH  7-8  and  room  temperature  [2,3].  On  the  other  hand,  the  PhAc 
group  is  stable  during  the  chemical  cleavage  of  the  carboxy  protecting  functions 
(methyl-,  allyl-,  benzyl-  and  tert-butyl  esters). 

The  C-terminal  COOH-group  of  Z,  Boc  and  Aloe  protected  dipeptide  heptyl 
(Hep)  and  2-bromoethy!  (EtBr)  esters  is  liberated  selectively  by  enzymatic 
hydrolysis  with  a  lipase  from  Rhizopus  niveus  at  pH  7.0  and  37°C  [4,5].  The 
enzyme-labile  esters  are,  on  the  other  hand,  not  affected  during  the  removal 
of  the  N-terminal  urethanes. 

In  both  cases  the  enzymes  accept  a  broad  range  of  dipeptides  as  substrates 
and  detach  the  respective  protecting  functions  without  attacking  the  peptide 
bonds  or  the  other  functional  groups  present.  The  enzymatic  transformations 
can  be  applied  advantageously  for  the  construction  of  polyfunctional  glycopep¬ 
tides,  which  are  sensitive  to  acids,  bases  and  reduction.  The  successful  C-terminal 
deprotection  of  several  glycosylated  amino  acids  and  peptide  heptyl  esters  can 
be  achieved  by  means  of  a  lipase  from  Mucor  javanicus.  The  enzyme  tolerates 
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AcO 


AcHN 

Z — Ser— Thr—  Ala —  OHep 
AcHN  J 

AcO-  7 - 

AcO  OAc 


lipase  from 

Mucor 

javanicus 


pH  7,  37°C 
16% 


AcO  OAc 

Ac&\^ 

AcHN  1 

Z — Ser  — Thr— Ala— OH 
AcHN  I 


AcO  ^  OAc 


variations  in  the  structure  of  the  N-terminal  protecting  group  (Fmoc,  Z),  the 
anomeric  configuration  (a  or  /3)  and  the  overall  configuration  of  the  carbohydrate. 

In  all  cases  the  enzymatic  transformations  proceed  without  any  undesired 
side  reaction,  i.e.  neither  the  amides  and  the  urethanes  in  the  peptide  part,  nor 
the  acetates  and  the  azides  in  the  carbohydrates  are  affected.  Furthermore,  the 
reaction  conditions  are  so  mild  that  the  acid-  and  base-labile  glycosidic  bonds 
remain  entirely  intact. 
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Introduction 

For  peptide  synthesis  several  methods  are  available  to  predict  difficulties  during 
synthesis  [1}.  Nevertheless  the  unexpected  specifically  sequence  dependent  dif¬ 
ficulties  normally  appear  during  the  running  synthesis.  Therefore,  we  have 
developed  a  method  which  allows  optimization  of  peptide  synthesis  by  small 
scale  preview  synthesis  within  hours. 

Results  and  Discussion 

For  the  optimization  of  continuous  flow  peptide  synthesis  mass  transport  and 
diffusion  phenomena  have  to  be  taken  into  account.  These  are  of  prime  importance 
in  shortening  the  duration  of  processes  such  as  the  cycles  of  synthesis.  Since 
the  reactions  have  a  heterogeneous  nature,  panicle  diameter  plays  a  decisive 
role  in  the  diffusion  processes.  As  particle  diameter  becomes  larger,  the  con¬ 
tribution  of  diffusion  becomes  more  extensive.  The  commercially  available  resins 
used  for  SPPS  synthesis  are  polydispersed;  i.e..  they  show  a  wide  range  of  diameter. 
It  is  obvious  that  reaction  time  of  synthesis  is  influenced  by  the  largest  particles. 
These  also  contain  a  relatively  higher  number  of  functional  groups  in  comparison 
with  the  smaller  particles.  A  distinct  shortening  of  reaction  time  for  every  cycle 
would  therefore  be  possible,  if  monodispersed  and  uniform  particles,  possibly 
with  small  diameter,  were  available. 


Fig  I.  HPLC  of  crude  (i-endorphin.  250  x  4.6  mm.  A:  water,  0.  /'" 
TFA.  B.  acetonitrile.  0.085 %  TFA.  10 %  B.  20  min.  70C  B 
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Fig.  2.  Ion-spray  MS  of  crude  peptide. 

As  an  adjunct  to  polystyrene-polyethyleneglycol-graft  copolymers  (Tenta- 
Gel™)  [2],  we  have  developed  monosized  graft  copolymers  with  a  PEG  content 
of  80%.  Sorption  and  diffusion  measurements  on  7.5  /an  monosized  graft 
copolymers  show  that  the  process  takes  less  than  30  sec  [3].  The  measured  diffusion 
rates  are  20  times  higher  in  comparison  to  polystyrene.  A  comparison  of  relative 
coupling  efficiency  indicates  that  the  graft  copolymers  in  combination  with  the 
very  effective  BOP-activation  show  the  highest  efficiencies.  In  addition  to  the 
dependence  on  resins  used  and  activation  methods  there  is  also  a  dependence 
on  the  system  used:  continuous  flow  systems  show  higher  coupling  efficiencies 
than  batch  systems.  To  show  the  principles  and  the  potential  of  high  speed 
preview  synthesis,  we  have  used  15  /an  tentacle  graft  copolymers  in  a  continuous 
flow  system  with  HBTU-activation.  We  have  synthesized  o'  ytocin  within  80  min 
and  /3-endorphin  within  4.55  h.  Figure  1  shows  the  crude  /8-endorphin,  and 
Fig.  2  shows  the  ion-spray  MS  of  the  crude  peptide.  A  complete  coupling  cycle 
was  performed  within  8  min  (2  min  Fmoc-deprotection,  1.5  min  DMF  wash, 
3  min  acylation,  1.5  min  DMF  wash). 
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Introduction 

The  biological  actions  of  proteins,  peptides,  amino  acids  and  their  analogs 
are  dependent  on  their  optical  purity.  Therefore  determination  of  the  optical 
purity  of  each  amino  acid  in  addition  to  amino  acid  content  and  ratios  is  very 
important.  The  method  of  enantiomer  labeling  (ELAB)  [1]  fulfills  both  these 
requirements.  The  ELAB  is  a  new  generation  of  quantitative  amino  acid  analysis 
which  allows  determination  of  the  exact  composition  of  amino  acids  including 
Ser,  Thr,  Trp,  and  Tyr. 

Results  and  Discussion 

By  capillary  gas  chromatography  on  a  chiral  stationary  phase,  it  is  possible 


Table  I  Amino  acid  ratios  of  trvpsinogen  by  DLAA-I  and  convential  amino  acid  analysis 
after  acid  hydrolysis 


Amino  acid 

Trvpsinogen  (residue  number) 

Theoretical 

DLAA-I 

OPA-AAA* 

Ala 

14 

14.5 

14.8 

Val 

18 

16.0 

12.5 

Gly 

25 

25.0 

25.0 

Thr 

10 

9.4 

9.9 

lie 

15 

13.4 

11.2 

Pro 

8 

8.0 

8.4 

Leu 

14 

13.5 

13.1 

Ser 

34 

35.2 

33.0 

Cys 

12 

16.1 

4.3 

Asp 

26 

25.9 

29.9 

Met 

2 

2.3 

0.6 

Phe 

3 

3.4 

3.0 

Glu 

14 

13.7 

14.6 

Tyr 

10 

9.4 

9.6 

Lvs 

15 

13.4 

16.0 

Arg 

2 

2.0 

2.1 

Trp 

4 

3.3 

n.d. 

His 

3 

2.6 

3.8 

‘  Amino  acid  analysis  with  pre-column  denvatization  with  o-phthalaldehvde. 
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Table  2  n-  and  l-  amino  acid  analysis  of  synthetic  somatostatin 


Amino  acid 

Racemization 

Theoretical 

Residue  number 

Observed 

L-Ala 

<  0.1%  D 

1 

0.94 

Gly 

- 

1 

1.00 

Thr 

- 

2 

1.96 

[>Thr 

<  0.1% 

- 

- 

L-Thr 

> 99.9 % 

- 

- 

n-allo-Thr 

<  0.1 %■ 

- 

- 

L-allo-Thr 

<  0.1%. 

- 

- 

L.-Ser 

0.2%  d 

i 

0.94 

t-Cys 

<  0.1%  D 

*> 

2.07 

i  -Asp 

<  0.1%  |> 

i 

0.98 

i-Phe 

0.3(7-  i) 

3 

3.05 

i.-Lvs 

2.5%  n 

2.03 

i  -Trp 

0.3 %  d 

1 

1.03 

to  separate  amino  acids  together  with  their  enantiomers,  thus  allowing  the 
determination  of  enantiomeric  purity.  In  a  second  analytical  run  the  sample 
is  spiked  with  an  aliquot  of  their  antipodes  of  amino  acids,  which  serve  as 
internal  standards.  We  have  constructed  an  instrument  (Shimadzu-CAT  Model 
DLA A- 1 )  for  the  above  analysis  using  a  gas  chromatograph  with  an  auto-injector 
in  combination  with  an  automated  chemical  derivatizer  which  performs  an 
esterification  followed  a  trifluoroacetylation.  The  chromatographic  data  arc 
stored  and  processed  on  the  Shimadzu  Model  Chromatopac  C-R4A. 

Table  1  shows  amino  acid  analysis  by  the  DLAA-1  compared  with  the 
conventional  analysis  using  HPLC  by  pre-column  derivatization  with  o-phthal- 
aldehyde.  m_  and  quantitative  analyses  of  synthetic  somatostatin  by  the  DLAA-1 
(hydrolysis  at  1 10°C  for  24  h  with  SnCL  for  good  results  on  Cvs  [2])  are  illustrated 
in  Table  2. 

The  present  system  provides  high  fidelity  and  sensitivity  by  the  use  of  a  nitrogen 
sensitive  detector  (flame  thermoionic  detector).  The  amount  of  sample  necessary 
for  the  detection  of  0.05%  d  isomer  is  at  least  10  nmol  per  amino  acid.  The 
system  gives  important  information  for  peptides  or  proteins  that  is  complementary 
to  the  sequence  analysis. 
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Introduction 

Side-chain  protecting  groups  must  be  entirely  stable  during  N"-deprotecting 
and  coupling  cycles,  yet  must  be  smoothly  removable  at  the  final  deprotection 
stage  in  SPPS.  This  requirement  would  be  satisfied  by  use  of  the  principle  of 
‘safety-catch’  protection.  Already  we  have  developed  a  series  of  safety-catch 
protecting  groups  based  on  4-methylsulfinylbenzyl  (Msob)  function  [1-4],  which 
are  stable  to  acid  due  to  the  electron  withdrawing  character  of  the  sulfoxide 
moiety.  Activation  of  the  safety-catch  by  reduction  of  the  sulfoxide  gave  an 
acid-labile  protecting  group.  The  reduction  and  acidolytic  cleavage  proceeded 
smoothly  by  a  one-pot  reaction  in  tetrachlorosilane-scavengers-TFA  systems  [I- 
3]  .  The  reductive  acidolysis  final  deprotection  scheme  in  solution  method  was 
reported  [5].  Now  we  report  the  application  of  this  strategy  to  SPPS  and  the 
preparation  of  an  ester  linkage-resin  cieavable  by  the  reductive  acidolysis. 

Results  and  Discussion 

First,  a  handle  reagent  carrying  Msob  skeleton  was  prepared.  Since  a  p-methyl- 
sulfinykrec-phenethyl  ester  was  sufficiently  stable  in  TFA.  the  linker  1  was 
designed  as  a  sec-alcohol.  As  shown  in  Fig.  1,  2,5-dimethvlthioanisole  prepared 
from  the  corresponding  thiophenol  was  acylated  by  F-C  reaction  with  succinic 
anhydride.  The  resulting  y-ketocarboxvlic  acid  was  coupled  with  /3-Ala-OBzl 
and  saponified.  After  reduction  of  the  ketone,  the  sulfide  was  oxidized  to  the 
sulfoxide  with  hydrogen  peroxide.  4-(2,5-Dimethyi-4-methylsulfinyiphenyl)-4- 
hydroxybutanoyl  (DSB)  resin  was  prepared  by  coupling  1  with  an  aminomethvl- 
ated  polystylene-resin  using  BOP-reagent.  The  amounts  of  loading  could  be 
determined  by  AAA  after  acid  hydrolysis.  Then  the  DCC-DMAP  method  was 
employed  for  anchoring  of  a  C-terminal  amino  acid.  The  stability  of  the  anchoring 
linkage  was  examined  using  Boc-Leu-O-DSB-resin.  The  amount  of  cleavage  in 
TFA  (25°C,  24  h)  was  3.5%,  and  90.5%  of  loaded  amino  acid  was  cleaved  by 
the  treatment  of  reductive  acidolysis  system  [SiCl4-thioanisole-anisole-TFA  (25°C, 
3h )].  The  amount  of  D-Leu  in  liberated  amino  acid  was  1.7%  determined  by 
GITC  method  [6]. 
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O*  V(CH2)2CO-p-Ala-OBzl 


Vh> 


H,C 


CH, 


IV,V,VI 


H,C 


VII,  VIII 


Boc-Leu-Q-CH(CH2)2CO-p-Ala-NH-(jesin^ 

(Boc-Leu-O-DSB-resin) 


'CH3 

HO-CH(CH2)2CO-p-Ala-OH 

1 


i;  CH3I,  ii;  succinic  anhydride-AICI3,  iii;  H-p-Ala-OBzI.DCC,  iv;  NaOH, 
v;  NaBH4,  vi;  H202,  vii;  NH2-resin,BOP,  viii;  Boc-Leu,DCC,DMAP 

Fig.  I.  Preparation  of  DSB-resin. 


In  order  to  demonstrate  the  usefulness  of  our  method,  we  synthesized  a  17- 
amino  acid  residues  peptide,  7-endorphin  (YGGFMTSEKSQTPLVTL).  Starting 
from  Boc-Leu-O-DSB-resin,  protected  7-endorphin-resin  was  prepared  according 
to  the  schedule  of  efficient  SPPS  [7],  using  N"-Boc-amino  acids  bearing  reductive 
acidolvsis-cleavable  side  chain  protecting  groups,  i.e.,  Tvr(Msz),  Met(O),  Thr- 
(Msob),  Ser(Msob),  Glu(OMsob)  and  Lys(Msz).  The  cleavage  from  the  resin 
by  reductive  acidolvsis  [SiCI4-thioanisole-anisole/TFA-dichloromethane  (25°C, 
3  h)J  gave  a  crude  7-endorphin  which  was  almost  pure  on  analytical  HPLC. 
The  crude  peptide  was  purified  on  RP-FPLC  column  and  the  total  yield  based 
on  the  starting  Boc-Leu-resin  was  62%. 
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Introduction 

The  Kaiser  oxime  resin  is  generally  used  for  the  synthesis  of  linear  protected 
peptides  to  he  coupled  in  solution  or  on  solid  supports.  In  addition,  the  anchoring 
oxime  ester  bond  can  be  used  as  a  polymeric  active  ester  for  the  cyclization 
of  protected  peptides  which  are  concominantly  released  into  solution.  This 
strategy  has  been  applied  successfully  to  the  synthesis  of  various  head-to-tail 
and  side-chain  to  side-chain  cyclic  peptides  [1.21.  The  high  degree  of  carboxyl 
activation  of  the  oxime  resin-peptide  linkage  can  result  in  side  reactions  at  each 
neutralization  step  during  peptide  elongation.  These  side  reactions,  which  result 
in  loss  of  peptide  from  the  support  (intrachain  reactions)  and/or  in  acylation 
of  peptide  chains  (interchain  reactions),  with  concomitant  formation  of  additional 
oxime  groups,  can  be  greatly  reduced  if  neutralization  and  subsequent  coupling 
are  done  in  a  single  step  [3],  However,  if  the  Kaiser  oxime  resin  is  used  for 
the  synthesis  of  cyclic  peptides,  such  a  strategy  is  not  applicable  to  the  cyclization/ 
cleavage  step,  and  side  products  (e.g.,  cyclic  dimer,  peptide-resin  bound  N‘- 
acctvlated  peptide,  etc.)  have  been  isolated  and  identified  in  some  cases  [4.5]. 
To  eliminate  these  interchain  reactions,  we  have  investigated  the  importance 
of  parameters  such  as  the  functionalization  level  of  oxime  groups  on  the  support, 
the  effective  substitution  level  of  peptides  on  the  support,  and  the  nature  of 
the  blocking  reagent  used  for  unsubstituted  oxime  groups.  We  have  chosen  the 
repeating  unit  of  gramicidin  S,  i>Phe-Pro-Val-Orn(Z)-Leu.  as  a  model  peptide 
for  this  study. 

Results  and  Discussion 

Peptide  model  semigramicidin  S  was  assembled  on  the  Kaiser  oxime  resin 
by  stepwise  synthesis  according  to  standard  protocols  [3]  using  BOP  reagent 
for  the  coupling  steps.  Resins  with  two  different  substitution  levels  of  oxime 
groups.  0.544  mmol  oxime  groups/g  resin  (case  1 )  and  0. 1 70  mmol  oxime  groups/ g 
resin  (case  2)  were  used,  although  the  effective  substitution  level  of  the  first 
amino  acid  was  approximately  0. 163  mmol  Leu/  g  peptide-resin  for  all  syntheses. 
In  case  1.  two  different  capping  reagents,  acetic  anhydride  (case  1  A)  and  trimethvl 
acetic  anhydride  (case  IB),  were  used  for  the  unsubstituted  oxime  groups.  In 
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case  2,  no  capping  was  required,  the  resin  being  fully  substituted  with  Leu. 
AAA  of  the  peptidyl-resins  after  each  coupling  demonstrated  that  all  peptide 
chain  assemblies  were  comparable  in  terms  of  coupling  yields.  Cyclization 
reactions  involved  the  N“-amino  group  of  D-Phe  and  the  C"-oxime  ester  bond 
of  Leu  and  were  carried  out  in  the  presence  of  1.5- 1.8  eq.  DIEA  to  neutralize 
the  TFA  salt  of  the  amino  terminal  group. 

Kinetics  of  cyclization  were  monitored  in  DCM  at  room  temperature  until 
completion  of  the  reaction.  Samples  were  analyzed  by  RPHPLC  and  correspond¬ 
ing  to  semigramicidin  S  (monomer)  and  gramicidin  S  (dimer)  were  positively 
characterized  by  AAA  and  MS.  The  results  indicate  that  monomer  formation 
is  considerably  faster  for  case  1,  where  the  reaction  is  complete  after  -18  h, 
than  for  case  2.  where  -30  h  are  required.  These  results  suggest  that  the  distribution 
of  peptide  chains  on  the  polymer  matrix  is  likely  to  be  different  for  the  two 
types  of  resin.  Furthermore,  the  overall  yield  of  monomer  formation  is  con¬ 
siderably  higher  for  case  1  than  for  case  2.  Although  no  difference  in  the  rate 
of  monomer  formation  is  apparent  between  case  1A  and  case  IB,  the  overall 
yield  is  slightly  higher  in  case  IB.  For  case  2,  cyclization  was  also  done  in 
DMF  and  results  show  that  the  rate  of  monomer  formation  is  comparable  to 
that  in  DCM  but  the  yield  of  the  desired  intrachain  reaction  product  is  lower. 
The  inter/intrachain  reactions  leading  to  dimer  formation  were  most  pronounced 
for  case  2  in  DCM  where  generally  more  minor  side  products  (unidentified) 
were  also  obtained.  Dimer  formation  was  least  for  case  2  in  DMF.  Analyses 
of  peptidyl-resin  samples  for  case  1,  under  conditions  of  completed  cyclization, 
revealed  that  the  N“-acetvlated  peptide  was  a  major  side  product  in  case  1A, 
whereas  the  N''-trimethyl  ucetvlated  peptide  represents  a  very  minor  side  product 
in  case  IB.  These  preliminary  results  suggest  that  intrachain  reactions  are  most 
favored  for  case  1  and  that  trimethyl  acetyl  groups  provide  \  more  stable 
protection  for  unsubstituted  oxime  groups  during  cyclization,  as  previously 
demonstrated  for  different  conditions  [5]. 
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Introduction 

Sulphonation  of  tryptophan  by  the  products  from  the  deprotection  of  arginine 
(Mtr  [1]  or  Pmc  [2])  residues,  and  re-addition  of  the  peptide  to  the  resin  support 
via  the  side  chain  of  a  C-terminal  tryptophan  residue  [3,4]  are  well  documented 
side  reactions  in  Fmoc  SPPS. 

In  an  attempt  to  overcome  these  problems,  the  use  of  the  side-chain  protected 
derivative,  Fmoc-Trp(Boc)-OH  1,  has  been  examined,  since  it  has  been  reported 
by  Franzen  el  al.  [5]  that  cleavage  of  Boc-Trp(Boc)-OH  generates  a  TFA  stable 
N-carboxy  indole  intermediate,  capable  of  reducing  the  susceptibility  of  the 
heterocyclic  ring  to  electrophilic  attack.  The  preparation  of  this  new  derivative, 
and  its  application  in  the  synthesis  of  the  sulphonation  prone  Riniker  and 
Hartmann  sequence  [2]  (Ac-Trp-Arg-Arg-/.rg-Arg-Val-OH,2)  are  described. 

Results  and  Discussion 

Fmoc-Trp(Boc)-OH  I  was  prepared  in  three  steps  from  Z-Trp-OBzl  3' in  an 
overall  yield  of  75%.  The  Boc  group  was  introduced  using:  a)  (BocFO,  0.1  eq. 
DMAP/CHjCN  [5],  b)  removal  of  Z  by  5%  Pd/C,  5  eq.  1.4-cvclohexadiene. 
and  c)  introduction  of  Fmoc  using  Fmoc-Su,  10%  Na2C03  (see  Fig.  1). 

The  stability  of  Nin-carboxy  tryptophan  6  in  TFA  containing  H20  or  EDT, 
and  its  rate  of  decarboxylation  in  aqueous  solution  were  examined  (Table  1). 
It  was  found,  not  unsurprisingly,  that  decomposition  of  Nin-carboxy  tryptophan 
in  TFA  was  fastest  in  the  presence  of  EDT  (t)/2  ca.  10  h).  Nevertheless,  the 
carbamic  acid  should  prove  to  te  sufficiently  stable  to  provide  a  good  degree 
of  protection  during  the  crucial  first  few  hours  of  a  cleavage  reaction.  As  expected, 
decarboxylation  was  found  to  be  most  rapid  in  dilute  AcOH  (t!/2  ca.  20  min). 

As  a  challenging  test  for  the  utility  of  1  in  Fmoc  peptide  synthesis,  2,  was 

Z-Trp-OBzl  3  - - - ►  Z-Trp(Boc)-OBzl  4 


H-Trp(Boc)-OH  5  - — - ►  Fmoc-Trp(Boc)-OH  1 

i)  Boc20,  0. 1  eq.  DMAP.  CH3CN  ;  ii  5%  Pd/C,  5eq.  1.4-Cyclohexadienc  ;  iii  Fmoc-Su.  10%  Na?C03 
Fig.  I.  Synthesis  of  Fmoc-Trp(Boc)-OH 
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Table  1  Rate  of  decarboxylation  of  Nin-carboxy  tryptophan 


Reagent 

t)/2  min-1 

TFA-HjO  95 :  5  (a) 

1200 

TFA-EDT  95:  5  (b) 

600 

0. 1  M  acetic  acid 

20 

0.1  M  ammonium  bicarbonate 

100 

prepared  using  either  Fmoc-Trp-OH  7  or  1  for  the  incorporation  of  tryptophan. 
The  syntheses  were  carried  out  on  Fmoc-Val-KA  (1  g,  0. 1  mmol/g)  resin  on 
a  fully  automatic  NovaSynR  Crystal  using  2.5-fold  excesses  of  Fmoc-amino  acids 
activated  by  PvBOP  and  DIPEA.  All  acylation  reactions  were  carried  out  for 
30  min.  The  protected,  resin  bound  peptides  8  and  9  were  cleaved  for  2.5  h 
with  TFA-EDT-FI  75:20:5  [2]  (c).  After  evaporation,  the  peptides  were  pre¬ 
cipitated  with  ether,  dissolved  in  water,  and  analyzed  by  RPHPLC. 

These  results  clearly  illustrate  the  benefits  of  using  1  for  the  introduction 
of  tryptophan:  8  gave  only  60%  of  the  correct  product  2  when  cleaved  with 
mixture  c;  whereas  9,  incorporating  Nin-Boc  protection,  yielded  95%  of  the  correct 
product  2:  Ac-Trp(X)-[Arg(Pmc)]4-Val-KA;  8  X  =  H  and  9  X  =  Boc. 

The  influence  of  Nin-Boc  protection  on  the  levels  of  tryptophan  re-attachment 
to  the  modified  Rink  linker  [6]  was  also  examined.  Fmoc-Trp-KR  resin  10  (100 
mg)  or  Fmoc-Trp(Boc)-KR  11  (100  mg)  were  treated  with  95%  TFA  aq.  (10 
ml)  (a)  or  TFA-EDT  95:5  (10  ml)  (b)  for  2  h,  the  resin  washed  with  DCM 
and  ether,  and  dried.  The  extent  of  reattachment  was  estimated  by  measuring 
the  absorbance  at  290  nm  attained  on  treatment  of  cleaved  and  uncleaved  resin 
(10  mg)  with  20%  piperidine/DMF  (3  ml).  The  extent  of  reattachment  for  10 
and  11  was  found  to  be  68%  and  27%  using  a,  and  57%  and  17%  using  b. 

The  Boc  group  seems  well  suited  for  the  protection  of  tryptophan  in  Fmoc 
SPPS.  It  provides  a  high  degree  of  protection  from  sulphonation  by  the  products 
of  deprotection  of  arginine  residues  protected  with  Pmc  and  Mtr;  and  should 
give  significantly  improved  yields  of  peptides  containing  C-terminal  tryptophan. 
The  use  of  Fmoc-Trp(Boc)-OH  may  also  prove  beneficial  in  the  synthesis  of 
peptides  containing  large  numbers  of  t-butyl  protected  residues,  where  t- 
butylation  of  tryptophan  can  be  a  problem  [7], 
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Introduction 

Recent  advances  in  biomaterials  research  have  made  it  possible  to  envision 
degradable  polymers  in  the  design  of  temporary,  medical  implants  such  as  sutures, 
drug  delivery  devices,  or  vascular  grafts  [  1  ].  Since  in  these  applications  the  implant 
releases  its  degradation  products  into  the  host  body,  the  potential  toxicity  of 
the  polymer  degradation  products  is  a  serious  concern.  For  this  reason,  polymers 
that  degrade  into  simple  amino  acids  would  be  promising  candidates  for 
biomedical  applications. 

While  polyfamino  acids)  containing  only  one  or  two  different  amino  acids 
are  usually  nonantigenic  and  exhibit  low  systemic  toxicitv  [21. 

These  polymers  are  usually  not  processible  by  conventional  fabrication 
techniques  [3],  In  addition,  polvfamino  acids)  tend  to  swell  due  to  the  imbibition 
of  water  and  their  degradation  rates  in  vivo  are  too  slow  to  be  useful  as  short 
term,  degradable  implants.  Because  of  these  unfavorable  engineering  properties, 
conventional  polv(amino  acids)  have  not  found  significant  industrial  or  medical 
applications. 

Results  and  Discussion 

We  identified  the  recurring  amide  linkages  in  the  backbone  of  polyfamino 
acids)  as  the  single,  most  important  structural  element  that  gives  rise  to  strong 
interchain  hydrogen  bonds,  which  in  turn  are  responsible  for  most  of  the 
unfavorable  engineering  properties  of  poiyfamino  acids).  We  therefore  replaced 
amide  bonds  by  non-amide  linkages  (that  cannot  contribute  to  interchain 
hydrogen  bonding).  This  synthetic  concept  led  to  the  design  of  polymerization 
reactions  that  included  the  functional  groups  located  on  the  side  chain  of 
trifunctional  amino  acids.  Thus,  a  wide  range  of  structurally  new  polymers  were 
synthesized.  These  polymers  are  best  described  as  pjm/o-poly(amino  acids),  in 
analogy  to  the  term  pseudo-peptide  which  describes  a  peptide-like  compound 
containing  non-amide  backbone  linkages. 

For  example,  a  simple  melt  transesterification  reaction  was  used  to  prepare 
a  polyester  from  N-protected  hydroxy -L-proline  [4],  This  polymer  is  currently 
being  evaluated  for  drug  delivery  applications. 
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Fig.  1.  Chemical  structure  of  DTH.  the  optimized,  tyrosine  derived  monomer  for  the  preparation 
oj  poly(imtnocarbonates)  and  polyf carbonates).  These  pseudo-poly( amino  acids)  represent  the  first 
tyrosine-derived  polymers  with  useful  engineering  properties. 


The  polyesterification  of  N-protected  derivatives  of  L-serine  was  a  difficult 
synthetic  challenge  since  the  side  chain  of  serine  underwent  a  ^-elimination 
reaction  which  resulted  in  the  formation  of  dehydroalanine.  We  therefore  prepared 
poly(N-Z-Ser  ester)  by  the  ring-opening  polymerization  of  N-Z-serine-)3-lactone 

[51- 

Polyiminocarbonates  and  polycarbonates  are  strong  materials  with  excellent 
engineering  properties  which  are  best  prepared  from  diphenolic  monomers.  In 
order  to  reduce  the  toxicity  of  the  polymer  degradation  products,  we  investigated 
protected  derivatives  of  tyrosine  dipeptide  as  monomers. 

The  presence  of  the  N-  and  C-termini  increased  the  versatility  of  the  polymer 
system  since  the  attachment  of  selected  pendent  chains  could  be  used  to  influence 
the  polymer  properties.  This  provided  us  with  a  convenient  ‘molecular  engineering 
tool’  for  the  optimization  of  the  polymer  properties. 

Based  on  the  study  of  a  large  number  of  dipeptides  it  became  evident  that 
the  proton  at  the  N-terminus  always  participated  in  strong  interchain  hydrogen 
bonding  which  reduced  the  solubility,  toughness,  and  processibility  of  the  resulting 
polymers  while  the  presence  of  a  C-terminus  alkyl  ester  group  increased  polymer 
solubility,  toughness  and  affected  polymer  processibility  favorably  [6].  Based 
on  these  results,  we  identified  desaminotyrosyl-tyrosine  hexyl  ester  (Dat-Tyr- 
Hex,  further  abbreviated  as  DTH)  as  a  particularly  promising  monomer  (Fig. 
1). 

Poly(DTH  iminocarbonate)  and  poly(DTH  carbonate)  were  readily  processible, 
had  high  tensile  strength  (up  to  400  kg/cm2)  and  ranked  among  the  strongest. 
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degradable  implant  materials  currently  available.  Poly(DTH  carbonate)  has  a 
half-life  of  about  6  months  whereas  poly(DTH  iminocarbonate)  degrades  within 
days.  Since  these  polymers  elicited  a  milder  tissue  response  compared  to  medical 
grade  poly-L-lactic  acid  (subcutaneous  implantation  in  rats),  these  polymers  are 
promising  biomedical  materials. 
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Introduction 

When  Boc-amino  acids  are  activated  and  reacted  with  oxygen  nucleophiles 
such  as  alcohol  or  phenol  in  the  absence  of  tertiary  amine,  some  Boc-dipeptide 
ester  is  formed  as  a  result  of  cyclization  of  some  of  the  activated  species  to 
the  2-ferf-butoxy-5(4//)-oxazolone  [1].  The  latter  generates  A-carboxyanhydride 
(NCA)  by  acidolytic  rupture  [2],  The  NCA  then  reacts  with  the  alcohol  or  phenol 
to  produce  the  strongly  nucleophilic  amino  acid  ester  which  reacts  with  the 
activated  Boc-amino  acid  [1].  The  possibility  that  the  same  Boc-decomposition 
might  also  occur  during  formation  of  an  amide  bond  was  examined. 

Boc-Val-OH  and  H-Phe-OMe  •  HCl/iV-methylmorpholine  (NMM)  were  cou¬ 
pled  in  dichloromethane  (DCM)  and  dimethvlformamide  (DMF)  using  N.N’- 
dicvclohexyl-(DCC).  iY-ethyl-/V'-(dimethyIaminopropyl)-(EDC)  and  MAT-diiso- 
propylcarbodiimide  (DIC)  and  the  mixtures  were  examined  for  the  expected 


Table  1  Products  from  the  DCC-mediated  reaction  of  Boc-Val-OH  with  H-Phe-OMe  ■  HCl/ 
NMM  after  derivatization  with  ElOCOCl 


Variation 

EtOCO-Val-Phe-OMeJ 

Boc-Val-DCUa 

_ 

1.35 

5.0 

EDC  instead  of  DCC 

1.5 

DIC  instead  of  DCC 

0.2.  0.4 

TosOH  instead  of  HCl 

1.0 

Triethylamine  instead  of  NMM 

0.09 

8.5 

DIEA  instead  of  NMM 

0.035 

10 

H-Phe-OMe  free  baseb 

0.03 

5.5 

+  NMM 

0.21 

II 

+  5%  pvridineb 

<0.01 

2.6 

+  HOBtb 

0.07 

<  1 

In  DMF-DCM  (1:1) 

0.80 

15 

In  DMF-DCM  (l:l)  +  5%  pyridine 

0.07 

6.6 

EDC  instead  of  DCC  +  5%  pyridine 

0.025 

J  Percent  yield  in  DCM  at  23°C.  Reagents  (1  mmol/ 10  mL)  were  reacted  for  0.5  h.  The  acidic 
fraction  was  neutralized,  extracted  with  DCM,  and  reacted  with  EtOCOCl/NMM.  The  neutral 
fraction  (EtOCO-Val-Phe-OMe)  and  the  first  neutral  fraction  (Boc-Val-DCU)  were  analyzed  by 
normal  phase  HPLC  (3)  on  a  CN-column  with  rBuOH-hexane  (2.5:97.5)  as  solvent. 
DIEA  =  diisopropylethvlamine. 
b  Highest  yields  (90%)  of  Boc-Val-Phe-OMe. 
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side-product  H-Val-Phe-OMe  by  analysis  for  EtOCO-Val-Phe-OMe  after  acy¬ 
lation  with  ethyl  chloroformate. 

Results  and  Discussion 

The  results  appear  in  Table  1.  DCC,  EDC  and  DIC  in  DCM  gave  1.3,  1.5 
and  0.3%  (less  in  DMF)  of  EtOCO-Val-Phe-OMe,  respectively,  thus  demon¬ 
strating  that  some  decomposition  had  occurred.  The  same  decomposition 
occurred  when  the  ester  was  the  p-toluenesulfonate  salt.  Addition  of  more  NMM 
or  the  use  of  a  stronger  amine  base  diminished  the  side-reaction  but  raised 
the  amounts  of  N-acyl-A/.AT-dicyclohexylurea  from  DCC  to  unacceptable  levels. 
The  side-reaction  could  be  eliminated  by  ' he  addition  of  5%  of  pyridine  or  I  eq. 
of  l-hydroxybenzotriazole  (HOBt).  Further  studies  led  to  the  conclusion  that 
the  decomposition  resulted  from  acidolysis  of  the  oxazolone  by  the  HC1  of  the 
amino  acid  ester  •  HC1  despite  the  presence  of  1  eq.  of  NMM.  We  confirm  that 
NMM  is  the  most  appropriate  tertiary  amine  for  neutralizing  an  amino  acid 
ester  •  HX,  and  recommend  the  addition  of  pyridine  or  HOBt  to  suppress  the 
side-reaction  of  Boc-decomposition  during  coupling  of  Boc-amino  acids  with 
an  amino  acid  ester  •  HX. 
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Introduction 


SPPS,  as  originally  developed  by  Merrifield  (Fig.  1,  X  =  Boc,  Y  =  H,  Z  =  C1), 
uses  a  N-a  Boc,  benzyl-based  side  chain  protection  strategy  which  relies  on 
the  graduated  acid  lability  of  the  protecting  groups  [1,2],  The  more  acid-stable 
PAM  resin  [3]  extends  the  Boc-benzyl  strategy  to  allow  preparation  of  larger 
target  molecules  [4], 

There  is  a  growing  interest  in  the  use  of  more  acid-labile  resins  that  do  not 
require  the  use  of  HF  for  the  cleavage  of  peptide  resins  [5],  We  report  our 
variation  on  SPPS  which  eliminates  the  need  for  HF  through  the  use  of  benzhydryl 
resins  in  combination  with  a  Fmoc-r-butvl  strategy  (Fig.  1.  X  =  Fmoc.  Y  =  phenyl. 
Z  =  C1). 


■n-c— c-crcs 
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Fig.  I.  Scheme  for  SPPS  with  either  a  Boc-benzyl  strategy  (X  =  Boc.  Y—H.  Z-Cl)  or  a  Fmoc- 
l-butyl  strategy  (X  =  Fmoc.  Y  =  phenyl  7.  =  Cl). 
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Results  and  Discussion 

Benzhydryl  polystyrene  resins  (Fig.  I,  Y  =  phenyl,  Z  —  OH.  Cl)  were  prepared 
as  described  by  Southard  [6].  We  used  a  benzhydryl  alcohol  resin  to  synthesize 
acyl  carrier  protein  (ACP)  fragment  65-74  using  a  Fmoc-/-butyl  strategy  [5]. 
ACP  peptide  was  also  prepared  using  the  same  strategy  on  a  commercially 
available  PAC  resin  (Milligen/Biosearch).  In  addition.  ACP  peptide  was  prepared 
on  a  PAM  resin  using  a  Boc-benzvl  strategy  [2].  TFA  cleaved  the  peptides  from 
the  benzhydryl  and  the  PAC  resins  while  anhydrous  HF  was  employed  with 
the  PAM  resin.  HPLC,  AAA.  and  FABMS  indicated  no  significant  differences 
among  the  three  preparations. 

The  more  difficult  test  peptide.  VKKRCSMWIIPTDDEA.  proposed  by  the 
Association  of  Biotechnology  Research  Facilities  Peptide  Svnthesis/Mass  Spec¬ 
trometry  subcommittee  (ABRF  PS/MS)  was  synthesized  on  benzhydryl  alcohol 
and  PAM  resins  with  no  significant  differences  observed  in  the  products  obtained 
from  the  two  resins  [7],  While  either  benzhydryl  alcohol  or  benzhydryl  chloride 
resins  may  be  employed  with  a  Fmoc-/-butyl  strategy,  use  of  the  latter  resin 
(Fig.  1,  X  =  Fmoc,  Y  =  phenvl,  Z  —  Cl)  will  suppress  the  occurrence  of  race- 
mization  [8]  and  dipeptide  formation  [9]. 

The  goal  of  this  work,  partially  realized  in  this  study,  is  to  make  peptides 
readily  accessible  to  the  non-specialist  as  originally  intended  by  Merrifield  [1]. 
The  handle  linkages  necessary  for  the  PAM  resin  [3]  and  acid-labile  supports 
[5],  while  employing  sound  chemistry  to  achieve  a  desired  end.  suffer  significantly 
in  convenience  if  synthesized  and  in  cost  if  purchased. 
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Introduction 

Although  high-performance  ion-exchange  chromatography  (IEC)  has  been 
successfully  applied  to  peptide  separations  [1],  its  use  has  been  considerably 
overshadowed  in  the  past  by  the  extensive  employment  of  reversed-phase 
chromatography  (RPC)  for  such  applications  [1],  Recently,  this  laboratory 
demonstrated  that  addition  of  acetonitrile  (in  the  range  of  20-50%,  v/v)  to  the 
mobile  phase  buffers  enabled  considerable  flexibility  in  the  separation  of  basic 
peptides  during  strong  cation-exchange  chromatography  (CEC)  [2].  As  the 
acetonitrile  level  was  raised,  undesirable  hydrophobic  interactions  (which  may 
produce  extensive  retention  times  and  peak  tailing  [1,3])  were  suppressed  and 
excellent  mixed-mode  separations  based  on  ionic  and  hydrophilic  interactions 
between  the  peptides  and  packing  came  into  play.  The  term  hydrophilic  interaction 
chromatography  (HILIC)  has  been  recently  coined  to  describe  separations  based 
on  solute  hydrophilicity  [4]. 

Results  and  Discussion 

Figure  1  shows  the  elution  profiles  of  a  mixture  of  10-  and  1 1-residue  peptides 
following  RPC  (panel  A)  or  mixed-mode  CEC  (panels  B  and  C).  The  numbers 
on  the  peptide  peaks  denote  how  many  potentially  positively  charged  groups 
they  contain  (no  acidic,  i.e.,  potentially  negatively  charged,  groups  are  present). 
The  aq.  trifluoroacetic  acid  (TFA)  to  TFA/acetonitrile  system  for  RPC  was 
chosen  as  that  most  frequently  employed  by  researchers  for  peptide  applications 
[1].  The  retention  times  of  this  reversed-phase  run  also  served  to  assign  the 
relative  hydrophobicity/hydrophilicity  of  each  peptide.  Figure  IB  represents  a 
mixed-mode  hydrophilic  and  ionic  peptide  separation  on  the  strong  CEC  column 
(HILIC/CEC).  The  dominant  separation  mechanism  is  based  on  ionic  interac¬ 
tions,  i.e.,  peptides  are  generally  eluted  in  order  of  increasing  net  positive  charge. 
Within  groups  of  identically  charged  peptides,  the  peptides  are  generally  eluted 
in  order  of  increasing  hydrophilicity  (note  the  frequent  reversals  of  elution  order 
compared  to  Fig.  1A).  The  anomalous  behavior  of  peptide  14  (  +  4  net  charge), 
the  most  hydrophobic  (i.e.,  least  hydrophilic)  peptide  indicates  that,  under  these 


546 


Synthetic  methods 


RETENTION  TIME  (min) 

Fig.  I.  Separation  of  positively  charged  peptides  by  RPC  t pane I  A)  and  HILIC/CEC  separations 
( panels  B  and  C).  Panel  A:  Zorbax  SB-300  C„  (150x4.6  mm  ID.  6- pm  particle  size.  250- A  pore 
size  (Rockland  Technologies  Inc..  PA,  U.S.A.J;  linear  AB  increasing  gradient  (1%  B/min)  at  a  flow- 
rate  of  I  l/min,  where  A  is  0.1%  aq.  TFA  and  B  is  0.1%  TFA  in  acetonitrile.  Panels  B  and  C: 
polysulfoethlyaspartamide  ( PolySulfoethyl  A)  strong  cation-exchange  column  (200  x  4.6  mm  ID.  5 
pm.  300  A  (PolyLC,  MD.  U.S.A.);  linear  AB  increasing  salt  gradient  (2%  B/min.  equivalent  to  5 
mM  NaCt04/min)  at  a  flow-rate  of  1  ml/ min.  where  buffer  A  is  5  mM  aq.  triethylammontum  phosphate 
(TEAP).  pH  7.  and  buffer  B  is  A  plus  0.25  M  NaCIO,,  pH  7;  buffer  A  contained  90%  (v/v)  (panel 
B)  or  50%  (v/v)  (panel  C)  acetonitrile;  buffer  B  contained  50%  (v/v)  acetonitrile  (panels  B  and  C). 
Panel  B  represents  a  linear  decreasing  acetonitrile  gradient  (0.8%/min)  in  addition  to  the  increasing 
salt  gradient.  The  numbers  on  the  peptide  peaks  denote  the  number  of  potentially  positively  charged 
groups  they  contain. 
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Table  1  Comparison  of  RPC  versus  HILIC/CEC  for  peptide  separations 


Peptides 

RPC 

At (RsV 

CEC.  50/50 

At  (Rs) 

CEC.  90/50 

At  (Rs) 

a3-e2 

-1.1  (3.8) 

12.6(33.7) 

10.2  (29.2) 

b3-f2 

-1.2  (4.6) 

11.9(33.3) 

9.1  (28.9) 

e2-b3 

0.3  (1.3) 

-11.3(30.8) 

-7.8(24.1) 

c3-e2 

-1.2  (5.0) 

10.9(32.9) 

7.6(26.3) 

a3-b3 

-0.7(2.31 

1.4(3.11 

24(6.2) 

c3-d3 

-2.7(11.2) 

2.8(7.21 

3.5(11.4) 

e2-f2 

-0.9  (3.8) 

0.6(2.11 

1.3  (4.6) 

g2-j2 

0.3(1.5) 

0.5  (1.8) 

-0.9  (3.2) 

J  At  denotes  differences  in  retention  time  Or)  between  two  peptides  (e  g..  a3-e2  denotes  Ir  of  a3 
minus  tR  of  e2):  resolution  <Rs)  =  1.176/w,  —  w-.  where  \v.  and  w-  are  the  peak  widths  at  half 
height. 


conditions,  more  highly  charged  peptides  may  be  eluted  prior  to  less  highly 
charged  peptides  if  the  latter  are  significantly  more  hydrophilic  than  the  former. 
An  increase  in  the  acetonitrile  concentration  in  buffer  A  to  90%  (while  maintaining 
50%  in  B)  produced  the  elution  profile  shown  in  Fig.  1C.  The  selectivity  of 
the  column  under  these  conditions  compared  to  that  seen  in  Fig.  IB  has  now 
changed,  e.g.,  compare  the  retention  behavior  of  peptides  il,  j2  and  14  relative 
to  the  other  peptides  in  Fig.  IB  and  Fig.  1C.  Under  the  conditions  of  high 
acetonitrile  concentration  in  Fig.  1C.  it  is  possible  that  hydrophilic  interactions 
may  now  be  dominant  in  the  HILIC/CEC  separation  process  (note  how  peptides 
h 2  and  14  are  eluted  prior  to  peptides  with  lower  net  positive  charges).  The 
excellent  separations  of  the  peptides  shown  in  Figs.  IB  and  1C  compare  well 
with  those  obtained  by  RPC  (Fig.  1A).  Table  1  shows  the  resolution  of  selected 
peptide  pairs  from  Fig.  1.  It  is  clearly  apparent  that  the  HILIC/CEC  approach 
to  basic  peptide  separations  was  often  superior  to  traditional  aq.TFA/acetonitrile 
RPC  separations. 

HILIC/IEC  combines  the  most  advantageous  aspects  of  two  widely  different 
separation  mechanisms:  a  separation  based  upon  hydrophilicity/hvdrophobicity 
differences  between  peptides  and  the  large  selectivity  advantages  of  IEC  in  the 
separation  of  peptides  of  varying  net  charge.  The  results  of  this  report  strongly 
suggest  this  method  may  rival  RPC  for  peptide  separations. 
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Introduction 

Due  to  the  presence  of  several  chymotrvptic  cleavage  sites  in  the  insulin 
molecule,  chymotrypsin-catalyzed  semisynthesis  [1]  has  not  been  as  widely  used 
as  trypsin-catalvzed  semisynthesis  for  preparation  of  insulin  analogs.  We  have 
found  that  the  preparation  of  some  analogs  by  trypsin-catalyzed  semisynthesis 
[2]  is  complicated  by  insolubility  of  the  modified  C-terminal  octapeptides  of 
the  insulin  B  chain.  Despentapeptide  (B26-30)  insulin  (DPI)  can  be  easily  made 
by  hydrolyzing  the  PheB25-TyrB26  bond  in  insulin  with  pepsin  at  pH  2. 0-2.5  [3] 
and  the  B  chain  C-terminal  pentapeptides  are  often  more  soluble  than  the  C- 
terminal  octapeptides.  due  in  part  to  the  absence  of  the  two  Phe  residues.  We 
have  employed  DPI  and  chymotrypsin-catalyzed  semisynthesis  to  prepare  a  novel 
insulin  analog  in  which  TyrB:h  was  substituted  with  Leu. 

Results  and  Discussion 

The  effect  of  aqueous  organic  solvents  with  varying  compositions  of  1,4- 
butanediol/DMSO  on  chymotrypsin-catalyzed  semisynthesis  was  studied  (Fig. 
1).  The  best  coupling  yield  of  DPI  with  synthetic  peptides  can  be  obtained  in 
the  solvent  containing  an  85%  I,4-butanediol/15%  1M  Tris  solution.  To  minimize 
chymotrypsin  coupling  at  other  potential  sites,  both  a  shorter  reaction  time  and 
a  lower  temperature  were  used  in  the  insulin  analog  preparation.  Leu026  human 
insulin  was  made  using  the  ratio  10:  1  (w/w)  of  DPI/chymotrypsin,  pH  6.7- 
7.0,  at  ambient  temperature  for  3  h.  The  reaction  was  quenched  by  precipitation 
with  10  volumes  of  acetone,  and  the  precipitate  was  collected  by  centrifugation. 
Subsequently,  the  crude  mixture  was  subjected  to  gel  filtration  on  Sephadex 
G-50SF  and  anion  exchange  chromatography  followed  by  RPHPLC  purification. 
The  amino  acid  analysis  of  this  analog  was  consistent  with  the  expected 
composition  and  its  molecular  weight  was  confirmed  by  FABMS.  Two  RPHPLC 
systems  (pH  2.3  and  pH  7.0)  [4,5]  and  one  size  exclusion  HPLC  at  pH  8  showed 
that  the  purity  of  this  analog  was  in  excess  of  95%. 

In  the  chymotrypsin-catalyzed  formation  of  a  peptide  bond,  the  pentapeptide 
used  as  the  nucleophile  yielded  a  relatively  lower  coupling  compared  to  that 
of  amino  acid  derivatives  as  the  nucleophiles  [1,6].  This  could  be  attributed 
to  a  lower  concentration  of  pentapeptide  relative  to  that  of  amino  acid  derivatives 
at  the  active  site  of  chymotrypsin. 
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85%  1,4-Butanediol 


Reaction  Time(Hour) 

/■/s’.  /.  The  effect  of  organic  solvent  on  the  chymotrypstn  coupling  of  DPI  » tth  synthetic  pentapcptnlc. 

Preliminary  data  troin  self-association  studies  by  size-exclusion  chromatogra¬ 
phy  indicated  that  Leu826  insulin  appeared  to  self-associate  less  than  insulin. 
To  our  surprise  Leu826  insulin  retained  only  4ri  of  the  receptor  binding  potenex 
of  insulin  on  human  placental  membrane,  whereas  the  substitution  of  the  naturally 
occurring  Tyr82ft  with  Glu  yielded  a  fully  potent  insulin  [7],  Since  the  B26  residue 
of  insulin  is  unlikely  to  be  directly  involved  in  the  interaction  of  ligand-receptor, 
the  reduced  potency  of  Leu026  insulin  binding  to  insulin  receptor  may  be  caused 
by  the  bulky  and  hydrophobic  side  chain  of  leucine  interfering  with  the 
accessibility  of  the  adjacent  Phe825  to  insuiin  receptor  on  the  target  cell  membrane. 
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Introduction 

Fully  protected  peptide  fragments  can  readily  be  obtained  by  SPPS  on  2- 
methoxy-4-alkoxybenzyl  alcohol  resin  (Sasrin 1N1)  |1).  Recently  we  found  that 
peptide  hydrazides  can  also  be  obtained  in  good  yield  and  purity  via  cleavage 
with  hydrazine  hydrate.  Hence  a  given  fragment  can  be  coupled  either  by 
activating  the  free  acid  or  by  generating  the  azide  from  the  hydrazide  [2].  The 
more  efficient  coupling  procedure  can  be  chosen  without  further  synthetic  work. 
Furthermore,  this  approach  can  simplify  the  synthesis  of  cyclic  peptides. 

Results  and  Discussion 

Hydrazinolvsis  from  Sasrin  resin  with  hydrazine  hydrate,  e.g.  in  DMF.  proceeds 
smoothly  in  most  cases  (yields  >809f).  Sluggish  cleavages  can  be  ‘accelerated' 
by  the  use  of  anhydrous  hydrazine.  The  cleavage  rate  depends  markedly  on 
the  C-tcrminal  amino  acid  (see  Table  1). 

Furthermore,  the  cleavage  rate  is  in'luenced  by  the  solvent,  i.e.  its  polarity, 
its  stability  towards  hydrazine  hydrate  (especially  during  sluggish  cleavages)  and. 
most  important,  its  ability  to  swell  the  resin.  DMA  turned  out  to  be  superior 
to  DMF  [3]  and  to  be  the  solvent  of  choice  although  rates  were  higher  in  NMP 
and  N.N-dimethvlpropylidene  urea.  However,  the  latter  solvents  and  DMF  react 
with  hydrazine  hydrate  generating  side  products  and  are  consumptive  of  reagent. 

The  length  of  the  fragment  (as  well  as  the  nature  of  the  penultimate  amino 
acid)  does  not  exert  a  strong  intluence  on  the  cleavage  rate.  In  any  case,  the 
length  of  a  fully  protected  peptide  hydrazide  is  restricted  by  its  solubility  which 
usually  decreases  with  increasing  length,  to  about  ten  amino  acids.  Table  2  shows 
a  few  examples  of  protected  peptide  hydrazides  obtained  from  Sasrin. 

Table  1  Dependence  of  cleavage  rate  on  the  structure  of  the  C-terminal  amino  acid 

10r;  hydrazine  hvdrate.4-6  h  Gly.Cysl Acm).Tip.Arg(Mtr).Asp<OtBu).Phe. 

ryr(tBu).Met.Lys(  Boc).ScritBu).Glu(OtBu) 
10-20' t  hydrazine  hydrate,  24  h  l  eu.  Pro 

20rr  hydrazine  hydrate.  48  h.  or  hydrazine  Val,  Thr(tBu),  lie  (all  /(-branched! I 

All  cleavages  were  performed  on  Z-GIy-AA-O-Sasrin  in  DMF  or  DMA  at  room  temperature.  The 
order  of  amino  acids  corresponds  to  the  decreasing  ease  of  cleavage. 
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Table  2  Cleavage  of  large  fragments 

Fragment-hydrazide  Cleavage  conditions  %  yield 


Boc-Arg(Mtr)-Ser(tBu)-S,entBu) 

10% 

n,h4 

h2o. 

DMF 

4  h 

97 

(ANF  (4-6)) 

Z-Lys(Boc)-Leu-Ser(tBu)-Gln-Glu(OtBu)-LeM 

10% 

n:h4 

h2o. 

DMA 

24  h 

97 

(salmon  Calcitonin  ( 11-16)) 

Z-H  is-Lvs(  Boc)-Leu-G  1  n-Th  r(  t  B  u  )-Tvr(  t  Bu  )-Pm 

20  % 

N.H, 

DMF- 

24  h 

98 

(salmon  Calcitonin  (17-23)) 

10% 

n,h4 

H'O. 

DMA 

24  h 

81 

20% 

N;H4 

H:0. 

DMA 

48  h 

97 

Boc-Asp(OtBu)-Val-Pro-Lvs(  Boc  YSerttBu) 

10% 

n:h4 

HiO. 

DMA- 

7  h 

88 

(Kassinin  ( 1-5)) 


Certain  hydrazides  could  not  be  obtained  pure,  e.g.  Z-Asp(OtBu)Gly-N2H-), 
although  they  rapidly  came  off  the  resin.  This  corresponds  to  their  behavior 
in  solution  synthesis.  The  side-chain  amide  moiety  in  Z-Asn-Gly-O-Sasrin  turned 
out  to  be  extremely  labile  towards  hydrazine  hydrate  whereas  Z-Asn(Trt)-Gly 
did  not  cause  any  problems.  On  the  other  hand,  Z-Gly-Asp(OtBu)-N2H3  could 
be  obtained  pure,  Glu(OtBu)-  and  Gin-containing  peptides  were  less  prone  to 
side  reactions,  Met-containing  peptides  were  not  contaminated  with  sulfoxide. 

We  have  shown  that  protected  peptide  hydrazides  as  well  as  free  acids  can 
be  rapidly  obtained  from  the  same  batch  of  Sasrin  resin,  so  that  the  most  suitable 
fragment  coupling  method  can  be  chosen  without  additional  synthetic  work. 
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Introduction 

Protein-tyrosine  phosphatases  (PTPases)  dephosphorvlate  phosphotyrosine 
residues  in  tyrosine  kinases  and  their  ceiluiar  substrates.  Therefore,  PTPase  action 
is  crucial  for  attenuating  signals  associted  with  Tvr  phosphorylation.  In  this 
study  we  prepared  substrates  and  inhibitors  of  PTPases  based  on  the  sequences 
of  kinase  and  endogenous  substrate  phosphorylation  sites.  Corresponding  phos- 
phopeptides  were  synthesized  for  use  as  PTPase  substrates,  whereas  inhibitors 
selected  substrates  were  substituted  at  pTvr  positions  with  phosphonomethyl- 
phenvlalanine  (Pmp).  an  unnatural,  non-hvdrolvzable  amino  acid  analog  in  which 
the  >C-0-P0,H:  moiety  of  pTyr  is  replaced  by  >  C-CHi-PChFK 

Results  and  Discussion 

Phosphopeptides  were  initially  synthesized  by  solid-phase  methods  (DIPCDI/ 
HOBt  couplings  in  DMF)  using  Fmoc-pTyr  with  an  unprotected  phosphate  side 
chain:  PTPase  inhibitors  were  synthesized  similarly  with  Fmoc-Pmp  [l]-  In  some 
cases  synthetic  products  were  relatively  homogeneous,  particularly  when  pTyr 
or  Pmp  was  incorporated  toward  the  amino-terminus  of  the  peptide;  crude 
products  having  greater  homogeneity  were  obtained  recently  with  protected 
svnthons  including  Fmoc-pTyr(OMe)2  [2]  and  Fmoc-Pmp(OtBu)2  [3].  Phospho¬ 
peptides  and  phosphonopeptides  were  purified  by  HPLC,  and  gave  the  expected 
amino  acid  composition  and  FABMS  values. 

Known  or  putative  phosphorylation  sites  of  the  insulin  receptor  (IR),  PDGF 
receptor  (PDGF-R),  pp60<  'rf,  IRS-1  [4]  and  the  polyomavirus  transforming 
protein,  middle  t  were  synthesized.  Whereas  most  of  these  sequences  have  only 
one  Tvr  residue,  activation  of  the  insulin  receptor  requires  phosphorylation  of 
three  clustered  Tyr  residues  [5];  all  three  monophosphopeptides  were  prepared. 
The  phosphopeptides  were  used  as  substrates  of  PTPase  IB,  a  single  catalytic 
domain  PTPase  with  a  wide  tissue  distribution  [6];  rat  PTPase  IB  [7]  was  obtained 
by  PCR  and  cloning  the  full-length  cDNA  into  the  bacterial  expression  vector, 
PKK233-2.  Sequence  specificity  for  peptide  dephosphorylation  was  observed, 
with  apparent  Km  values  ranging  from  <  2  /uM  for  the  phospho-middle  t  sequence 
to  >  2  mM  for  pTvr  itself  (Table  I).  Km  values  were  lower  and  specificity  different 
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Table  1  Sequences  and  potencies  of  PTPase  substrates  and  inhibitors 


Name 

Sequence/Structure 

Km  or  K,  (mM) 

Phosphotyrosine  and  p  Y -peptides 

IR1 155-1 165(pYl  158) 

RDlpYETDYYRK 

30 

1R1 155-1 165(pYl  162) 

RDIYETDpYYRK 

40 

IR1 155-1 165(pY  1 163) 

RDIYETDYgYRK 

30 

pp60clrf(pY527) 

TEPEpYQPGE 

8 

mPDGF-R/3(pY719) 

KDESIDpYVPMLDMKGD 

8 

middle  t(pY298) 

RENEpYMPMAPQIH 

<2 

IRS-l(pY608) 

TDDGpYMPMSPGV 

30 

!RS-l(pY628) 

GNGDpYMPMSPKS 

100 

phosphotyrosine 

NH2CH(C02H)CH2C6H4OPO,H2 

>2000 

Phosphonomethylphenylalanine  and  Pmp-peptides 

IR1 155-1 165(L-Pmpl  158) 

RDlfL-PmplETDYYRK 

30 

IR1 155-1 165(D-Pmpl  158) 

RDirp-PmplETDYYRK 

30 

IR1 155-1 165(D,L-Pmp3) 

RDIPmpETDPmpPmpRK 

<2 

Pmp 

NH2CH(CO:H)CH2C6H4CH2PO,H2 

>500 

than  that  observed  with  similar  peptides  and  LAR  (leukocyte  antigen-related 
PTPase)  [2],  suggesting  that  substrate  ‘fingerprinting’  might  be  useful  for 
categorizing  PTPases  within  families.  Notably,  with  PTPase  IB  the  three  insulin 
receptor  monophospeptides  exhibited  similar  Km  values  in  the  30  /uM  range, 
in  contrast  to  results  with  LAR  where  regiospecificity  was  observed  [2]. 

Representative  phosphopeptide  substrate  sequences  were  prepared  as  phos- 
phonopeptides  for  use  as  inhibitors.  Pmp  was  synthesized  chemically  as  a  racemic 
mixture  which  was  not  resolved  prior  to  peptide  synthesis.  Synthetic  products 
were  readily  separated  into  two  components  by  HPLC,  corresponding  to  peptides 
having  d-  and  L-Pmp  [3],  Peptides  containing  L-pTyr  and  L-Pmp  had  similar 
affinities  for  PTPase  IB,  suggesting  that  our  inhibitor  design  strategy  is  ap¬ 
propriate  (Table  1).  Interestingly,  the  D-Pmp  insulin  receptor  sequence  had  similar 
affinity  for  PTPase  IB.  A  related  peptide,  prepared  with  all  three  Tyr  residues 
substituted  with  Pmp  showed  more  potent  inhibition  (with  3  chiral  centers  this 
was  a  mixture  of  nine  unresolved  optical  isomers). 

We  conclude  that  while  side-chain  unprotected  Fmoc-pTyr  and  Fmoc-Pmp 
can  be  used  to  prepare  phosphopeptides  and  phosphonopeptides  by  solid-phase 
synthesis,  use  of  side-chain  protected  synthons  results  in  cleaner  products. 
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Synthetic  phosphotyrosyl  peptides  corresponding  to  kinase  and  kinase  substrate 
phosphorylation  sites  are  substrates  of  PTPase  IB  that  exhibit  sequence  spec¬ 
ificity.  Phosphonomethylphenylalanyl  peptides  constitute  a  new  class  of  com¬ 
pounds  that  potently  inhibit  PTPase  activity.  The  Pmp-peptides  studied  appear 
to  act  as  direct  substrate  mimics,  as  binding  affinity  closely  matches  that  of 
the  corresponding  phosphopeptides  and  inhibition  is  competitive. 
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Introduction 

Direct  radioiodination  are  oxidative  reactions  in  which  an  in  situ  oxidation 
of  l25r  takes  place  in  the  presence  of  the  molecular  target  for  iodination. 
Frequently,  direct  radioiodinations  leads  to  undesired  oxidations,  partial  de¬ 
compositions,  complex  reaction  mixtures,  heterogenous  radiotracers  and  poly- 
iodinations  [1],  The  indirect  approach  employs  a  pre-radioiodinated  agent  which 
reacts  with  a  functional  group  in  the  molecular  target  for  radiolabeling.  Bolton- 
Hunter  reagent,  which  is  an  acylating  reagent,  is  widely  used  for  indirect 
radioiodinations  [2].  Nevertheless,  heterogeneity  of  radiolabeled  material,  due 
to  the  high  abundance  of  amino  functions  in  peptides  and  proteins,  and  the 
chemical  instability  of  the  Bolton-Hunter  reagent  are  drawbacks. 

We  have  developed  a  novel  approach  to  indirect  radioiodolabeling  of  cysteine 
containing  peptides  and  demonstrated  its  efficacy  on  cysteine-containing  analogs 
uf  parathyroid  hormone  (PTH)  and  PTH-related  protein  (PTHrP)  [3.4]. 

Results  and  Discussion 

Figure  1  summarizes  the  synthetic  pathways  for  the  preparation  of  the 
radioiodinated  maleimido-based  reagents  *1  and  *11.  Reaction  of  A-succinimidyl 
3-maleimidopropionate  with  2-(4-hydrcxyphenyl)ethylamine  and  (V-succinimidyl 
3-(4-hydroxyphenyl)propionate  with  2-maleimidoethylamine  yielded  products 
that  were  subjected  to  lodogen-mediated  radioiodinations  yielding  reagents  *1 
and  *11,  respectively,  which  differ  in  the  direction  of  the  amide  bond.  In  a  similar 
manner,  we  prepared  the  non-radioactive  iodinated  reagents.  Practically,  route 
A  utilizes  commercially  available  reagents  while  route  B  requires  the  synthesis 
of  2-maleimidoethylamine.  An  alternative  is  to  assemble  reagent  *11  from  the 
commercially  available  radiolabeled  Bolton-Hunter  reagent  and  the  correspon¬ 
ding  amine.  This  could  be  advantageous  to  facilities  which  are  not  equipped 
to  do  radioiodinations  with  free  l25I-.  The  incorporation  of  l25I‘  to  produce 
*1  and  *11  is  carried  out  in  high  efficiency  and  results  in  mixtures  which  lend 
themselves  to  RPHPLC.  The  maleimido-containing  reagents  were  used  to  modify 
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Fig.  1.  Synthesis  of  radiolabeling  reagents  */  and  *11. 


cysteine-substituted  analogs  of  PTH  and  PTHrP.  For  example,  the  following 
analogs  were  modified  by  the  cold  and  radioactive  reagents;  PTH  agonist 
[Nle8-18,Lys 1 3(e-Biotinyl),-T yr34,  Cys33  ]  bPTH  (1-35)  NH2,  PTHrP  agonist  [Cys35] 
PTHrP(l-35)NH2  and  PTHrP  antagonist  Ac[Cys8,  Leu11  D-Trp1-]  PTHrP  (8- 
34)NH2.  The  cold  Cys-modified  analogs  were  used  for  physicochemical  char¬ 
acterization  and  were  tested  in  in  vitro  bioassavs.  In  all  cases  bioactivities  were 
maintained  in  either  adenylate  cyclase  or  receptor  binding  assays. 

The  radioiodination  of  these  analogs  were  carried  out  overnight,  at  0°C,  at 
neutral  pH  leading  to  simple  reaction  mixtures  amenable  to  RPHPLC.  The 
identity  of  the  radioiodolabeled  analogs  was  established  by  co-elution  with  the 
corresponding  cold  iodinated  analogs.  The  purified  radiolabeled  tracers  were 
stable  upon  storage  at  -70°C.  These  tracers  bind  to  a  single  binding  site  in 
human  osteosarcoma  B-10  cells  in  a  non-cooperative,  reversible  and  saturable 
manner  with  very  high  affinities  (Kd  =  1-3  nM). 
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Introduction 

Matrix-assisted  laser  desorption  time-of-flight  (LD-TOF)  mass  spectrometry, 
as  introduced  originally  by  Hillenkamp  and  Karas  [1]  and,  subsequently,  modified 
by  Chait  and  Beavis  [2],  has  turned  out  to  be  a  very  powerful  technique  in 
the  determination  of  the  structure  of  peptides  and  proteins.  The  applications 
discussed  below  show  the  advantages  of  this  technique  in  its  high  mass  capabilities, 
accurate  mass  measurements,  sensitivity,  and  tolerance  of  impurities. 

Results  and  Discussion 

Experimental 

Laser  desorption  mass  spectra  were  acquired  with  a  VESTEC  VT2000  TOF 
mass  spectrometer,  operating  at  30  kV  accelerating  voltage  and  equipped  with 
a  Lumonics  HY400  Nd:YAG  laser.  Sample  ionization  was  achieved  by  355 
nm  irradiation,  with  8  ns  laser  pulse  at  a  repetion  rate  of  5  Hz.  Sinapinic  acid 
was  used  as  the  matrix;  it  was  mixed  with  1-2  pmol  of  sample. 

Determination  of  the  points  of  truncation  of  His-tRNA  synthetase 

A  variant  of  E.  coli  His-tRNA  synthetase  (MW  47.0  kDa,  424  amino  acids) 
was  shown  to  lack  the  first  52  amino  acids,  by  Edman  sequencing  [3].  Matrix- 
assisted  LD-TOF  mass  spectra  of  the  sample  revealed  that  the  species  lacking 
part  of  the  N-terminus  was  also  missing  part  of  the  C-terminus,  encompassing 
residues  54-410  (MW  39.6  kDa),  An  additional  form,  containing  residues  1- 
410  (MW  45.6  kDa)  was  also  detected. 

Phosphorylation  of  a  tick  anticoagulant  peptide  (TAP) 

The  amino  acid  sequences  of  two  peptides  (TAP-1  and  TAP-2,  both  60  amino 
acids  long  with  4  amino  acids  differences),  isolated  from  two  related  species 
of  ticks,  were  obtained  from  cDNA  data  and  the  peptides  were  synthesized 
[4],  Different  HPLC  elution  profiles  of  the  native  and  synthetic  peptides  indicated 
a  post-translational  modification.  It  was  readily  established  by  LD-TOF  mass 
spectrometry  that  both  native  TAP-l  and  TAP-2  are  phosphorylated.  Enzymatic 
digestion  of  TAP-2  and  mass  spectrometric  analysis  of  the  proteolytic  peptides 
established  Ser17  was  the  site  of  phosphorylation. 
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Aspartate  receptor 

In  an  effort  to  obtain  X-ray  data  on  the  aspartate  receptor  of  5.  typhimurium 
the  hydrophilic  domain  that  sits  outside  of  the  membrane  (amino  acids  26- 
180),  preceeded  by  a  methionine  and  a  20  amino  acid  hydrophobic  sequence 
was  cloned  and  expressed  in  E.  coli  [5].  In  order  to  check  the  correctness  and 
homogeneity  of  the  recombinant  product,  which  had  been  purified  by  anion 
exchange  chromatography,  its  LD-TOF  mass  spectrum  was  measured.  Instead 
of  the  expected  (M  +  H)+  ion  of  m/z  17  395.6  the  major  peak  was  found  at 
m/z  17  205.8  which  corresponds  well  to  17207.4  calculated  for  the  sequence 
27-180.  Four  minor  components  of  (M  +  H)+  m/z  17  433.4,  16920.9,  16685.5, 
and  16601.5  were  also  detected;  they  correspond  to  sequences  25-180  (apparently 
N-acetylated),  30-180,  32-180,  and  33-180.  All  this  indicates  that  N-terminal 
processing  must  have  occurred  in  the  periplasmic  domain.  It  should  be  noted 
that  Edman  degradation  would  have  identified  the  N-terminus  of  the  major 
component  but  would  not  have  revealed  the  minor  ones. 

These  examples  indicate  that  LD-TOF  mass  spectrometry  is  very  useful  in 
determining  the  homogeneity  of  recombinant  proteins  quickly  and  reliably  and 
in  revealing  unexpected  modifications.  The  technique  is  clearly  the  method  of 
choice  for  following  the  purification  of  the  desired  material.  Other  post- 
translational  modification  such  as  phosphorylation  can  also  be  readily  deter¬ 
mined. 
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Introduction 

We  have  circumvented  the  limitations  of  earlier  approaches  for  the  screening 
of  millions  of  individual  peptides  [1-6]  through  the  development  of  synthetic 
peptide  combinatorial  libraries  (SPCLs)  composed  of  free  peptides  in  quantities 
which  can  be  used  directly  in  existing  solution  assays.  The  screening  of  these 
heterogeneous  libraries,  along  with  an  iterative  selection  process,  permits  the 
systematic  identification  of  optimal  peptide  ligands  for  virtually  any  receptor 
system.  The  use  of  individual  position,  heterogeneous  synthetic  peptide  mixtures 
was  found  to  be  useful  in  earlier  studies  [6].  The  example  described  below  precisely 
identifies  an  antigenic  determinant  within  a  synthetic  peptide  recognized  by  a 
mAb. 

Results  and  Discussion 

The  initial  SPCL  generated  was  composed  of  hexapeptides  and  can  be 
represented  by  the  sequence  Ac-0|02XXXX-NH2.  in  which  0|  and  02  are  specific 
individual  L-amino  acids  (i.e.,  AA  through  YY),  giving  a  total  of  324  combinations 
(182)  (cysteine  and  tryptophan  were  excluded  from  the  initial  SPCL  for  synthetic 
convenience).  Each  X  represents  an  equimolar  mixture  of  18  of  the  20  amino 
acids  for  a  total  of  104  976  combinations  (184). 

The  simple  process  of  dividing,  coupling,  and  recombining  the  peptide  resins 
ensured  the  equimolarity  within  the  XXXX-peptide  resin.  The  two  defined 
positions  were  then  synthesized  using  the  SMPS  method  [7,8]  to  yield  the  324 
individual  0|02XXXX-peptide  resins.  AAA  confirms  the  expected  equimolarity 
(  ±  10%).  After  deprotection  and  cleavage  of  the  324  peptide  mixtures  from  their 
resins,  a  final  peptide  concentration  ranged  from  2  to  3  mg  per  ml.  If  the  average 
molecular  weight  of  Ac-0|02XXXX-NH2  is  785,  then  a  mixture  of  104976 
peptides  at  a  total  final  concentration  of  1.0  mg/ml  yields  a  concentration  of 
every  peptide  within  each  mixture  of  9.53  ng/ml  (12.1  nmol/liter).  These 
concentrations  are  sufficient  for  conventional  assays. 

Using  a  competitive  ELISA,  each  of  the  324  different  peptide  mixtures  of 
SPCL  was  assayed  to  determine  its  ability  to  inhibit  the  mAb  in  its  interaction 
with  the  larger  13-residue  peptide  (YPYDVPDYASLRS)  bound  to  a  microtiter 
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Table  1  Synthetic  peptide  combinatorial  library  (iterative  screening  process) 


Step 

no. 

Process 

Defined  sequences  x 
mixture  combinations 

Total 

Ic<o 

i. 

Screening 

Ac-OOXXXX-NHi 

324  x 

104  976 

34012224 

2. 

Selection 

Ac-DVXXXX-NH, 

1  • 

104976 

104976 

250 

3. 

Synthesis/Scree' 

Ac-DVOXXX-NHj 

20  x 

5  832 

116640 

4. 

Selection 

Ac-DVPXXX-NH, 

1  * 

5  832 

5  832 

41 

5. 

Synthesis/Screening 

Ac-DVPOXX-NH, 

20  ■ 

324 

5  932 

6. 

Selection 

Ac-DVPDXX-NH, 

1  • 

324 

324 

4.4 

7. 

Synthesis/Screening 

Ac-DVPDOX-NH; 

20  ■ 

18 

324 

8. 

Selection 

Ac-DVPDYX-NH. 

1  - 

18 

18 

0.38 

9, 

Synthesis/Screening 

Ac-DVPDYO-NHi 

20 ' 

1 

20 

10. 

Peptide 

Ac-DVPDYA-NH, 

I 

I 

0.030 

plate.  Ac-DVXXXX-NH2  was  found  to  cause  the  greatest  inhibition  of  mAb 
binding.  The  final  sequence  obtained  with  ‘the  iterative  screening’  process  (Table 
1 )  exactly  matched  the  antigenic  determinant  (-DVPDYA-)  found  in  earlier  studies 
to  be  recognized  by  this  mAb  [9], 

In  separate  studies  SPCLs  are  being  utilized  for  the  development  of  a  wide 
range  of  new  antimicrobial  peptides  and  of  peptides  which  inhibit  infection  by 
the  herpes  simplex  virus  in  vitro,  in  radio  receptor  assays  to  develop  new  peptide 
ligands  for  specific  opiate  receptors  and  for  the  study  of  discontinuous  antigenic 
determinants  in  antibody/antigen  interactions. 
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Introduction 

Side  reactions  with  tryptophan  and  tyrosine  have  been  observed  using  me- 
thoxytrimethylbenzenesulphonyl  (Mtr)  and  pentamethyl  chromansulphonyl 
(Pmc)  as  arginine  side-chain  protecting  groups  in  peptide  synthesis  [1,2]. 

To  depart  from  the  arylsulphonyl  series  preserving  the  acid  lability  of  the 
guanidine  protecting  ‘groups,  we  have  prepared  two  new  arginine  derivatives, 
Z-Arg"’"  (Boc)2-OH  (I)  and  Fmoc-Arg0'’"  (Boc)rOH  (II)  for  use  in  homogenous- 
and  solid-phase  peptide  synthesis. 

The  Boc  groups,  unambiguously  placed  at  the  guanidine  cm  and  cm'  nitrogens, 
can  be  removed  under  mild  acidolytic  conditions  and  most  of  the  side-reactions 
previously  observed  with  N^-arylsulphonyl,  N“-urethane  and  N4,N*  -  bisurethane 
protecting  groups  do  not  occur. 

Results  and  Discussion 

The  synthesis  of  compounds  (I)  [yield,  92%  m.p.  =  102°  (dec);  [a]22  =  +  1.11° 
(C  =  1.0,  MeOH)]  and  (II)  [yield,  97%  m.p.  =  115°  (dec);  [a]22  =  +3.2° 
(C  =  1.0,  MeOH)]  is  reported  in  the  scheme  below: 

sch3 

BocN  =  C-NHBoc  H2,  10%Pd-C 

Z-Orn-OH  - -  Z-Arg1""  (Boc)2-OH  - - 


FmocOSu 

H-Arg""  (Boc)2-OH - ►  Fmoc-Arg^  (Boc)2-OH 


Contrary  to  N^N^-bisurethane  derivatives,  both  (I)  and  (II)  are  stable  in 
solution  and  are  not  cleaved  after  deprotection  of  the  a-amino  group.  Exploratory 
syntheses  of  short  peptide  models  employing  either  (I)  or  (II)  indicated  that: 

a.  no  racemization  occurs  upon  activation  and  coupling; 

b.  guanidine  deprotection  is  completed  in  about  50  min  with  TFA-H20  [95- 
5%  (v/v)],  or  TFA  containing  variable  amounts  of  water  and  thiol  scavengers 
or  dilute  HC1; 
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c.  intermolecular  acylation  of  the  guanidine  group  does  not  occur  so  that  base- 
catalyzed  Orn  formation  observed  in  Nfi,N“'-bisurethane  derivatives  is  avoided; 

d.  coupling  to  amino  acid  derivatives  and  growing  peptide  chains  is  usually 
difficult.  To  avoid  Arg  deletion  peptides  repeated  condensations  are  necessary; 

e.  6-lactam  forms  during  activation  and  coupling.  The  amidination  of  resin 
peptide  amino  groups  by  6-lactam  seems,  however,  to  be  negligible. 

As  a  severe  test  for  the  utility  of  (II)  in  SPPS,  three  different  syntheses  of 
a-MSH,  Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NHi,  were 
carried  out  on  a  polystyrene  resin  (Rink  linker)  using  Fmoc-Arg  (Mtr)OH,  Fmoc- 
Arg(Pmc)OH  and  Fmoc-ArgIU  ‘u(Boc)2-OH.  A  3-fold  excess  of  activated  HOBt 
esters  of  each  amino  acid,  preformed  in  DMF  for  30  min,  was  directly  added 
to  the  reaction  vessel.  To  reach  a  visual  negative  ninhydrin  test,  an  additional 
protracted  coupling  with  1  eq.  of  (II)  was  required  at  the  Arg-Trp  step,  after 
an  initial  60  min  coupling.  The  protected,  resin-bound  a-MSH  assembled  using 
(II)  was  cleaved  for  50  min  with  TFA-H20  95-5%  or  TFA-H20-thiophenol 
95-3-2%,  while  Reagent  K  (120  min)  was  used  for  the  other  a-MSH  preparations. 

RPHPLC  elution  profiles  of  the  three  crude  peptides  recovered  by  precipitation 
with  cold  ether  after  acidolysis,  show  that  a-MSH  is  the  main  component  of 
the  mixture  obtained  using  (II)  or  Fmoc-Arg(Pmc)-OH.  (des  Arg)  a-MSH  is 
the  only  significant  peptide  impurity  of  the  preparation  using  (II).  Its  formation 
is  avoided  by  an  additional  coupling  with  a  3-fold  molar  excess  of  derivative 

(II). 

As  expected,  Fmoc-Arg(Pmc)-OH  and  Fmoc-Arg(Mtr)-OH  gave  peptides 
containing  Mtr  and  Pmc-substituted  Trp  as  major  contaminants. 

The  above  and  additional  results  that  are  rapidly  accumulating  in  our  laboratory 
make  (I)  and  (II)  very  promising  derivatives  for  homogenous  and  solid-phase 
synthesis  of  Arg  containing  peptides. 
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Introduction 

The  structurally  novel  oxytocin  antagonist  S,  typified  by  L-365,209  was  recently 
reported.  In  order  to  define  the  SAR  for  this  new  series,  we  were  interested 
in  developing  a  solid  phase  method  for  preparing  L-365,209  analogs  [1].  The 
presence  of  several  secondary  amino  acids,  including  the  unusual  amino  acid, 
piperazic  acid  (Piz)  makes  couplings  difficult  using  standard  methodologies,  and 
also  makes  many  of  the  intermediates  labile  to  acid.  These  limitations  pointed 
to  the  use  of  N-Fmoc-amino  acid  chlorides  [2]. 

Results  and  Discussion 

Compound  1,  the  L-365,209  analog  in  which  the  dehydropiperazic  acids  are 
replaced  with  pipecolic  acids  (Pip)  was  prepared  on  solid  phase.  Other  studies 


Fig.  I.  Structure  of  compounds  1-4. 
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Table  1  Ile}-Ns-Cbz-Piz 4  coupling  in  the  synthesis  of  2 


Reagent  (equiv.) 

Base/additive 

Solvent 

Time  (h) 

Method 

%  coupling 

3  (10) 

DIEA 

Toluene 

12 

in  situJ 

30% 

3  (10) 

AgCN 

Toluene 

12 

in  situb 

76% 

4  (10) 

AgCN 

Toluene 

n 

preform" 

73% 

4  (10) 

- 

Toluene 

12 

preformd 

14% 

Methods:  a)  Acid 

chloride  in  solvent  is  added 

to  resin  and 

shaken  for  2  min: 

base  is  added  to 

neutral  pH.  b)  Acid  chloride  in  toluene  is  added  to  resin  and  shaken  lor  2  min:  AgCN  (I  equiv.) 
is  added,  c)  To  acid  chloride  in  toluene  is  added  AgCN  (I  eq.):  after  30  min  of  stirring  the  mixture 
is  filtered  and  the  filtrate  is  added  to  the  resin,  d)  See  ref.  2. 

had  shown  the  Pro'-n-Phe2  bond  to  be  an  efficient  point  for  cvclization,  and 
the  synthesis  was  begun  with  Boc-Pro-O-PAM  resin.  The  BOP  reagent  and  Boc- 
D-Me-Phe-OH  were  employed  in  the  first  coupling.  In  order  to  minimize 
diketopiperazine  formation  in  the  di-  to  tripeptide  step,  the  amine  hydrochloride 
and  Fmoc-Pip-Cl  (2  eq.)  were  shaken  together  at  5°C  in  DCM,  followed  by 
addition  of  DIEA  to  pH  8.  Subsequent  couplings  were  performed  at  ambient 
temperature  in  DCM  by  adding  the  Fmoc-AA-Cl  (2  eq.)  to  the  amine  free  base, 
followed  by  addition  of  DIEA  to  pH  8.  The  linear  hexapeptide  was  isolated 
as  its  hydrazide  in  >  95 %  purity  by  HPLC  analysis.  The  derived  acyl  azide  cyclized 
cleanly,  and  after  purification  by  stirring  with  mixed  bed  ion  exchange  resin, 
I  was  obtained  in  70%  overall  yield  { >99%  purity  by  HPLC). 

Other  analogs  were  prepared  also  with  overall  yields  typically  ranging  from 
50-70%  .  An  especially  difficult  coupling  of  Fmoc-Ile  to  N6-Cbz-Piz  was  encoun¬ 
tered  in  the  synthesis  of  2.  A  variety  of  coupling  conditions  were  tried  as  shown 
in  Table  1.  The  best  conversion  was  obtained  utilizing  Fmoc-ile-Cl  and  AgCN 
m  toluene.  This  combination  of  reagents  rapidly  and  cleanly  produces  oxazolone 
4.  The  HCN  by-product  likely  catalyzes  the  acylation,  as  only  a  low  conversion 
was  realized  in  the  reaction  using  4  produced  free  of  HCN  [2]. 

Fmoc-amino  acid  chlorides  are  useful  reagents  for  coupling  to  secondary  amino 
acids  in  SPPS  and  that  AgCN-promoted  oxazolone  formation  provides  a  useful 
coupling  method. 
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Introduction 

Synthesis  of  peptides  that  contain  problematic  amino  acids  such  as  Met,  Cys, 
Trp  or  sequences  that  contain  multiple  Asp,  Glu,  Gin  and  Asn  can  result  in 
highly  impure  crude  products.  We  have  used  both  the  Boc/DCC-HOBt  (Boc) 
and  Fmoc/HBTU  [1-3]  (FastMoc™)  solid-phase  methods  to  synthesize  model 
peptides  having  the  sequence  X-X-X-Phe-Phe-X-X  where  X  =  Met,  Asp,  Glu, 
Gin  or  Asn.  We  compare  results  obtained  with  the  Boc  method  with  those 
obtained  with  the  FastMoc  method. 

Results  and  Discussion 

Syntheses  were  performed  using  an  Applied  Biosystems  Model  430A  Peptide 
Synthesizer.  The  benzyl-tvpe  protecting  groups  were  used  for  the  Boc-amino 
acids.  The  peptides  synthesized  by  the  Boc  method  were  deprotected  and  cleaved 
from  the  resin  using  HF.  Anisole  was  used  as  the  scavenger  for  these  peptides, 
except  with  the  multi-Glu  sequence  where  p-cresol  was  also  added.  Fmoc- 
Asn(Trt),  Fmoc-Gln(Trt),  Fmoc-Glu(t-Butyl)  and  Fmoc-Asp(t-Butyl)  were  used 
for  the  FastMoc  synthesis.  The  side  chain  of  Met  was  unprotected  for  both 
Boc  and  FastMoc  syntheses.  The  peptides  synthesized  by  the  FastMoc  method 
were  cleaved  with  95%  TFA-5%  water  or  other  scavenger  mixtures 


Table  1  Comparison  of  synthesis  yields.  Boc/DCC-HOBt  vs.  Fmoc/HBTUa 


Boc 

0.5  mmol 

FastMoc 

0.25  mmol 

0.1  mmol 

Resin  weight 
gain  (mg) 

Actual  (Theor) 

Purified  peptide 

Yield* 

Resin  weight 
gain  (mg) 

Actual  (Theor) 

Purified  peptide 

Yield* 

Resin  weight 
gain  (mg) 
Actual  (Theor) 

multi-Asp 

450  (503) 

36% 

287  (291) 

86% 

80  (100) 

multi-Glu 

600  (534) 

22% 

300  (302) 

74% 

60  (105) 

multi-Asn 

406  (319) 

505  (515) 

multi-Met 

354  (361) 

238  (242) 

40  (84) 

multi-GIn 

351  (350) 

543  (527) 

J  All  syntheses  were  performed  on  Applied  Biosvstems  model  430A  Peptide  Synthesizer. 
*  Purified  peptide  yield  was  calculated  based  on  starting  resin. 
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Uoc  FfliM/ofTM 

0.5  mmole  scale  0.25  mmole  scale  0.1  mmole  scale 

Fig.  I.  Analytical  data  for  crude  Glu-G/u-Glu-Phe-Phe-G/u-G/u.  a)  HPLC  profile:  b)  capUllary 
electrophoresis  profile. 

depending  upon  the  amino  acids  present  in  the  sequence  [4].  The  synthesis  time 
for  the  0.5  mmol  scale  using  the  Boc  method  was  120  min  per  cycle  whereas 
for  the  FastMoc  method,  synthesis  times  per  cycle  were  60  min  and  25  min 
for  the  0.25  mmol  and  0.1  mmol  scale,  respectively.  Table  1  compares  the  yields 
of  the  peptide-resins  and  the  purified  peptides  with  both  the  Boc  and  the  FastMoc 
methods.  Figures  1-2  show  the  HPLC  and  capillary  electrophoresis  profiles  of 
two  peptide  sequences  synthesized  by  both  methods.  Sequence  one  is  Glu-Glu- 
Glu-Phe-Phe-Glu-Glu  and  sequence  two  is  a  29-amino  acid  peptide. 

In  general,  using  Fmoc/HBTU  improves  the  purity  of  the  crude  peptides  and 
increases  synthesis  yields  when  compared  to  the  Boc/DCC-HOBt  method. 
However,  exceptions  include  the  synthesis  of  peptides  containing  C-terminal  Pro 
or  peptides  with  Pro  at  the  penultimate  C-terminal  position  when  p-alkoxybenzvl 
ester  resins  are  used  [5]. 
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Hoc  FaslMoc^M 

0.5  ininole  scale  0.25  mmole  scale 

Fig.  2.  Analytical  data  for  crude  P9  (29  AA)  (3  Met.  2  He.  4  Pro.  1  Glu.  3  Val,  4  Lys.  4  Phe. 
2  Asn.  2  Leu.  1  Asp.  I  Gin,  I  Thr,  I  Gly).  a)  HPLC  profile;  b)  capillary  electrophoresis  profile. 
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Introduction 

Following  our  previous  report  [1],  the  solvents,  the  peptide  sequence  and 
the  presence  of  a  chaotropic  salt  (KSCN)  were  examined  as  to  their  influence 
on  the  swelling  of  beads  as  well  as  on  the  rate  of  coupling  reactions.  In  addition, 
PSA,  BOP  and  BOP/HOBT  methods  were  compared  in  different  solvents  to 
analyze  a  possible  solvent  effect  on  their  reaction  mechanisms. 

Results  and  Discussion 

The  influence  of  peptide  sequence  on  the  solvation  of  beads  was  studied  with 
a  high-loaded  (NANP)4-BHAR  sequence  and  its  more  hydrophobic  Bzl-Asp 
protected  analog  (DADP)4-BHAR,  both  with  ca.  70%  peptide  content.  Diameters 
of  resin  beads  were  measured  with  a  microscope  [2]  and  the  average  volume 
of  solvent  inside  the  bead  of  each  resin  sample  was  calculated  by  subtracting 
the  volume  of  dry  from  that  of  swollen  beads.  Table  1  shows  that,  in  contrast 
to  BHAR,  where  DCM  is  the  best  solvent,  both  hexadecapeptide-BHARs  are 
better  solvated  in  polar  solvents  (DMF,  DMSO),  which  facilitate  chain  disso¬ 
ciation.  However,  by  comparing  the  two  peptide-resins,  the  more  hydrophobic 
one  showed  greater  swelling  than  the  unprotected  (NANP)4  in  DCM  (5-fold) 
and  DMF  (2-fold).  This  indicates  a  strong  dependence  of  bead  solvation  on 
the  peptide  sequence.  The  swelling  effects  of  the  mixed  solvents,  NMP/DMSO 
(8 : 2)  and  DCM/DMSO  (1:1),  were  similar  to  that  of  DMF  on  both  the  BHAR 
and  the  (NANP)4-BHAR.  Addition  of  KSCN  to  the  DMF  solution  increased 
the  swelling  of  the  peptide-containing  resin  but  not  of  the  uncoupled  BHAR. 
These  results  are  consistent  with  the  peptide  chain  disruption  properties  of  this 
chaotropic  salt  [3]. 

Table  1  summarizes  the  correlation  found  between  the  yield  of  coupling  reaction 
and  the  swelling  values  of  resin  beads.  The  protocol  for  the  Boc-Pro  coupling 
with  the  PSA  method  (generated  in  DCM  for  60  min  at  0°C),  was  detailed 
previously  [1],  To  facilitate  this  kinetic  study,  non-forcing  coupling  conditions 
were  deliberately  employed  (equimolar  ratio  and  2  mM  reactants).  Regardless 
of  the  resin  studied,  the  reaction  yields  in  all  solvent  systems  (including  KSCN/ 
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Table  1  Correlation  between  swelling  of  resin  beads  and  yield  of  Boc-Pro  coupling  with 
PSA  method 


Solvent 

BHAR 

(NANP)„-BHAR 

(DADP)4-BHAR 

a 

Solvent 

within 

bead6 

Coupling 

(min) 

30  60 

Solvent 

within 

beadb 

Coupling 

(min) 

30  60 

Solvent 

within 

beadb 

Coupling 

(min) 

30  60 

DCM 

4.1 

90 

97 

1.2 

24 

50 

5.8 

68 

87 

DMSO 

0.5 

25 

39 

9.7 

80 

87 

12.4 

88 

94 

NMP:  DMSO 
(8:2) 

2.1 

71 

84 

5.9 

72 

79 

nd 

nd 

nd 

DCM .  DMSO 
(1:1) 

2.3 

72 

87 

5.1 

68 

76 

nd 

nd 

nd 

DMF 

1.6 

67 

81 

5.3 

73 

82 

1  1.8 

86 

93 

KSCN/DMFc 

1.9 

69 

82 

8.3 

79 

85 

nd 

nd 

nd 

3  Asp  /3-carboxyls  are  protected  as  benzyl  esters. 
b  Difference  between  volumes  of  swollen  and  dry  beads  in  105  pm'. 

c  0.4  M. 

nd:  not  determined. 

DMF)  closely  followed  their  solvation  capacities,  thus  confirming  the  influence 
of  swelling  on  the  rate  of  reaction  occurring  inside  the  polymeric  matrix. 

In  addition  to  the  swelling  effect  on  resin  beads,  the  solvent  may  also  affect 
differently  the  mechanism  and,  therefore,  the  rate  of  coupling  reactions.  To 
verify  this  hypothesis,  the  PSA,  BOP  and  BOP/HOBT  procedures  were  com¬ 
paratively  studied  as  to  their  rate  of  reaction  in  different  solvents.  Incorporation 
of  Boc-Pro  to  (NANP)4-BHAR  in  DCM  and  to  BHAR  in  DMSO  were  selected 
as  coupling  systems.  Keeping  the  above  mentioned  equimolar  coupling  conditions, 
the  reaction  yields  after  180  min  of  coupling  with  the  PSA  procedure  were  higher 
than  with  BOP  or  BOP/HOBT  in  DCM  (67%,  44%  and  46%  respectively,  with 
the  peptide-BHAR)  but  lower  in  the  polar  aprotic  solvent  DMSO  (69%,  76% 
and  83%  respectively,  with  the  BHAR).  These  preliminary  findings  suggest  that 
the  choice  of  the  more  appropriate  coupling  protocol  shou'd  consider  this  solvent 
effect  on  each  coupling  reaction  as  well  as  the  swelling  ability  of  the  resin  in 
the  solvent  to  be  employed. 
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Introduction 

SPPS  using  the  Fmoc  protecting  strategy  has  gained  wide  spread  popularity. 
However,  a  general  purpose  resin,  analogous  to  the  MBHA  resin  [1]  widely 
used  in  Boc  chemistry  for  building  peptide  amides,  is  not  available  for  Fmoc- 
SPPS.  Rink  [2]  and  Penke  et  al.  [3]  have  described  derivatized  polystyrene  resins 
which  yield  peptide  amides  upon  cleavage.  However,  these  resins  yield  unwanted 
side  reaction  impurities  during  cleavage  [4,5].  Linker  resins,  such  as  the  PAL 
resin  described  by  Albericio  et  al.  [6]  and  those  described  by  Breipohl  et  al. 
[7],  are  difficult  to  prepare,  labor  intensive,  and  also  yield  unwanted  side  reaction 
products  during  cleavage. 

We  felt  a  general  purpose  resin  for  producing  peptide  amides  by  Fmoc-SPPS 
should  include  these  design  specifications.  Fmoc-amino  acids  should  be  readily 
attached  to  the  solid  support  and  with  no  racemization.  The  resin  should  be 
able  to  be  produced  at  a  high  loading  capacity  for  industrial  scale  up  processes, 
yet  with  low  costs.  Upon  cleavage  the  carboxylic  acid  moeity  attached  to  the 
support  must  yield  a  carboxyl  amide.  The  susceptible  bond  should  be  cleavable 
with  dilute  acid  and  the  cleavage  site  should  be  unique.  The  susceptible  bond 
must  be  stable  to  the  conditions  encountered  in  Fmoc-SPPS.  Lastly,  the  residual 
group  on  the  resin  should  not  attach  to  any  of  the  functional  groups  typically 
found  in  polypeptides  or  analogs.  We  have  developed  such  a  unique  resin  which 
we  call  CAT  resin  for  carboxyl  amide  terminal  resin  (patent  pending). 

Results  and  Discussion 

We  derivatized  polystyrene-dvb  copolymer  by  a  series  of  reactions  to  produce 
a  resin  which  yields  peptide  amides  upon  cleavage.  Table  1  illustrates  the  loading 
capacity  obtained.  The  time  course  for  cleavage  of  carboxyl  amides  from  the 
support  matrix  with  25%  TFA  in  DCM  was  complete  within  60  min.  The  spent 
resins  were  analyzed  no  residual  Fmoc  remained  attached  following  cleavage 
with  25%  TFA. 

Derivatized  CAT  resins  were  used  to  synthesize  peptide  amides  using  the  Fmoc 
strategy.  The  synthesis  of  KKYLESLM-NH2,  PHM-27(20-27),  on  CAT  resin 
was  achieved  starting  with  170  mg  of  Fmoc-Met-CAT  resin  at  0.15  mmol/g. 
The  cyclic  addition  of  each  Fmoc-amino  acid  was  achieved  using  a  fourfold 
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Table  1  Loading  of  CAT  resin  with  Fmoc-amino  acids 


Type  of 
resin 

Fmoc-amino  acid 

Substitution 

mmol/g 

Standard 

Fmoc-Pro 

0.35 

Standard 

Fmoc-Asn 

0.71 

High  Load 

Fmoc-Phe 

1.30 

molar  excess  of  the  individual  Fmoc-amino  acids,  HOBt  and  DIPCDl.  The 
completed  peptide  amide  was  cleaved  and  the  side  chains  were  deprotected  by 
treating  the  peptide-resin  with  25%  TFA,  4%  water,  and  1%  DTT  in  '  "M. 
The  crude  peptide  was  partially  purified  by  gel  filtration  in  25%  acetic  ’ 
and  yielded  24  mg  of  peptide:  based  on  a  molecular  weight  of  1010.4,  the  yield 
was  95%.  The  partially  pure  peptide  was  purified  to  homogeniety  by  preparative 
HPLC  and  yielded  20  mg  of  pure  peptide  (79%  overall  yield).  AAA  was  consistent 
with  the  desired  composition.  The  peptide  was  coupled  to  a  carrier  protein  and 
used  to  raise  antibodies  in  rabbits.  The  antisera  were  characterized  by  an  ELISA 
for  their  ability  to  recognize  the  peptide  amide  and  PHM-27.  Each  antiserum 
was  found  to  bind  both  peptides  equally. 

Synthesis  of  FMRF-NHj  on  CAT  resin  was  achieved  using  160  mg  of  Fmoc- 
Phe-CAT  resin  at  1.30  mmol/g  as  described  above.  The  peptide  was  cleaved 
from  the  support  resin  with  25%  TFA  and  1%  DTT  in  DCM  for  60  min.  The 
crude  peptide  was  then  treated  with  50%  TFA  and  10%  thioanisole  in  DCM 
overnight  to  remove  the  Pmc  blocking  group  from  the  side  chain  of  arginine. 
The  peptide  was  purified  by  gel  filtration  as  above  and  yielded  122  mg  of  peptide: 
based  on  a  molecular  weight  of  598.8,  the  yield  was  101%.  The  partially  pure 
peptide  was  purified  to  homogeniety  by  preparative  HPLC  and  yielded  107  mg 
of  pure  peptide  (89%  overall  vield).  The  purified  product  co-eluted  with  authentic 
FMRF-NH2  on  RPHPLC. 
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Introduction 

The  reduced  amide  bond  is  normally  introduced  into  peptide  sequences  during 
SPPS  by  a  reductive  amination  between  a  protected  a-amino  aldehyde  and  the 
terminal  NH2  group  of  a  resin-bound  peptide  [1].  This  reaction  generates  the 
reduced  amide  bond  in  high  yield;  however,  it  also  causes  epimerization  at  Ca 
of  the  amino  aldehyde,  which  results  in  diastereomer  formation  [2].  Peptide 
diastereomers  can  sometimes  be  separated  by  chromatography;  however,  in  most 
cases  removal  of  unwanted  diastereomers  is  nearly  impossible.  We  have  developed 
a  method  to  introduce  reduced  amide  pseudodipeptides  during  SPPS  with  little 
or  no  diastereomer  formation. 

Results  and  Discussion 

An  example  of  our  method  for  attachment  of  the  reduced  amide  pseudo¬ 
dipeptide  Phe-CHiNH-Arg  to  solid  phase  supports  is  outlined  in  Fig.  1  .  We 
first  prepared  Boc-L-phenylalaninal,  2a,  from  Boc-L-Phe-OH,  la  [3].  A  reductive 
amination  between  2a  and  H-L-Arg(Tos)-OH  using  NaCNBH,  in  99 :  1  MeOH/ 
AcOH  yields  the  reduced  amide  pseudodipeptide  Boc-L-Phe-CH2NH-L-Arg(Tos)- 
OH,  3a.  To  establish  the  stereochemical  purity  of  3a,  the  pseudodipeptide 
diastereomer  3b  was  prepared  using  starting  with  Boc-D-Phe-OH,  lb.  Although 
we  were  unable  to  separate  3a  and  3b  by  analytical  HPLC,  we  were  able  to 
separate  the  N-deprotected  compounds  4a  and  4b.  Accordingly,  a  small  sample 
of  3a  was  treated  with  TFA  to  yield  4a.  HPLC  analysis  revealed  that  the  solution 
phase  preparation  of  3a  results  in  <0.5%  diastereomer  formation. 

Because  3a  has  a  reactive  secondary  amine,  it  is  necessary  to  mask  this  group 
in  order  to  couple  the  pseudodipeptide  to  a  solid  phase  support.  This  is  achieved 
by  treating  3a  with  Cbz-Cl  to  yield  5a.  Coupling  of  5a  to  either  a  chloromethyl 
or  an  hydroxymethyl  resin  was  examined  (Table  1). 

Loading  of  5a  on  the  resin  was  determined  in  the  following  manner.  First, 
the  resin  (6a)  was  treated  with  (1)  30%  TFA/dioxane  (30  min)  and  (2)  5%  DIEA/ 
CH2C12  (1  h).  Collection  of  the  eluant  from  the  resin  during  the  DIEA  washes, 
followed  by  solvent  evaporation  under  vacuum  provides  cyclic  pseudodipeptide 
7a.  The  amount  of  7a  can  then  be  determined  from  its  mass,  UV  absorbance 
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Boc-Pha-OH 


Boe-Pha-CHO 


Boc-Pha-CH2NH-L-Arg(Toa)-OH 


la  a  L-Pha  2a  *  L-Pha 

1b  ■  O-Pha  2b  a  D-Pha 


3a  a  L-Pha 
3b  a  O-Pha 


5a  a  L-Pha 
5b  a  O-Pha 


C 

H-Pha-CHjNH-L-Arg(To»)-OH 

4a  a  L-Pha 
4b  s  O-Pha 


8oc-Pha-CH}N(Cbz)-L-Arg(Toa)-0-Raain 


6a 

6b 


a  L-Pha 
a  O-Pha 


7a 

7b 


R,  a  H,  R,  a  CHjPh 
R,  a  CHjPh,  R,.H 


Fig.  I.  Attachment  of  the  reduced  pseudopeptide  Phe-CHNH-Arg  to  a  solid  support.  A:  (l)  N.O- 
dimethylhydroxylamme  hydrochloride.  DCC.  DMAP,  THF:  (2)  LiAlH,.  Et:0:  B:  NaCNBHt.  99 :  l  MeOH/ 
AcOH:  C:  TFA.  CH  C/  .  D:  Cbz-CI.  NaHCOi.  dioxane-H^O;  E:  Resin  attachment,  see  Table  I.  F: 
11)  TFA.  CH ;C1:;  (2)  5%  DIEA.  CH:C1:. 


or  HPLC  peak  area  integration.  Since  the  TFA/DIEA  treatment  causes  all  of 
the  attached  pseudodipeptide  to  be  cleaved  from  the  resin  (6a  —  7a),  the  amount 
of  7a  obtained  can  be  used  to  calculate  the  loading  of  the  pseudodipeptide  on 
the  resin.  Carbodiimide-mediated  coupling  (entry  2)  provides  the  highest  loading 
of  5a  (0.5  mmol/g)  (Table  1)  at  substitution  is  similar  to  substitution  levels 
usually  seen  with  attachment  of  Arg  to  solid  phase  supports  [5].  The  successful 
acylation  of  5a  to  the  hydroxylmethyl  resin  also  indicates  that  pseudodipeptides 
can  be  successfully  acylated  to  peptide  NH2  groups.  In  addition,  cyclic  pseu- 


Table  1  Conditions  and  results  for  coupling  of  5a  to  solid  phase  supports 


Entry 

Method* 

T  (°C) 

5a  equiv. 

%  Loading6 

Loading  (mmol/g) 

1 

A 

22 

1.2 

22 

0.2 

2 

A 

22 

2.5 

54 

0.5 

3 

B 

72 

2.5 

28 

0.3 

*  Method  A:  Hydroxymethyl  resin,  Diisopropylcarbodiimide  (2.5  eq.),  4-DMAP  (2.5  eq.),  DMF 
[4];  Method  B:  Chloromethyi  resin,  KF  (4.0  eq.),  DMF  (5). 
b  %  Loading  determined  by  dividing  the  amount  of  5a  attached  by  the  resin  to  the  amount  of 
hydroxymethyl  or  chloromethyi  sites  on  the  resin,  then  multiplying  by  100. 
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dodipeptides  7a  and  7b  are  readily  separated  by  HPLC,  so  chromatographic 
analysis  of  7a  may  be  used  to  reveal  its  stereochemical  purity.  For  the  three 
experiments  in  Table  1,  the  stereochemical  purity  of  7a  was  indistinguishable 
from  the  stereochemical  purity  determined  for  3a.  This  indicates  that  Cbz 
protection  and  resin  coupling  of  3a  as  outlined  in  Fig.  1  occurs  with  little  or 
no  diastereomer  formation. 
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Introduction 

We  have  found  the  majority  of  the  cysteine  containing  peptides  synthesized 
in  our  laboratories  to  be  relatively  stable;  however,  a  significant  number  have 
either  readily  dimerized  or  undergone  what  is  suspected  to  be  thiol-mediated 
decomposition  reactions.  We  herein  present  protocols  for  the  preparation  and 
handling  of  three  reactive  peptides  that  illustrate  these  behaviors:  a)  PCQ-16, 
a  16-peptide  (CSNSSSSQFQIHGPRQ)  containing  an  N-terminal  cysteine  [1]; 

b)  GnRH-Associated  Peptide  (14-69),  [phGnRH(  14-69);  DAENLIDSFQEIV- 
KEVGQLAETQRFECTTHQPRSPLRDLKGALESLIEEETGQKKI]  [2];  and 

c)  Endothelin  (ET)  [3], 

Results  and  Discussion 

The  individual  peptide  acids  were  synthesized  on  a  CM  resin  and  purified 
using  HPLC  procedures  [4],  All  peptides  gave  satisfactory  AA  and  FABMS 
analyses. 

PCQ-16  underwent  both  decomposition  and  facile  dimer  formation  even  at 
acidic  pH  (the  crude  material  after  HF  cleavage  is  approx.  1:1:1  monomer :  dimer : 
decomposition  products;  Fig.  la).  PCQ-16  monomer  was  of  marginal  stability 
even  as  a  dry,  lyophilized  powder,  converting  to  the  dimer  even  upon  storage 
at  -15°C  (ca.  60  %  dimerization  after  1  month).  The  dimer  was  stable  under 
equivalent  conditions  (Fig.  lb).  This  suggested  to  us  a  protocol  in  which  the 
crude  peptide  was  converted  to  and  isolated  as  the  dimer  and  monomeric  PCQ- 
16  regenerated  as  needed  by  treatment  with  a  reducing  agent  such  as  tris(2- 
carboxyethyl)phosphine  [6]  (TCEP;  for  conditions  see  Fig.  lc).  The  facility  with 
which  PCQ-16  underwent  dimerization  at  acidic  pH  is  a  noteworthy  phenomenon 
which  may  be  of  considerable  utility  in  the  pH-directed  folding  and  oxidation 
of  other  cysteine  containing  peptides. 

Attempts  to  isolate  the  fully  assembled  phGnRH(  14-69)  were  unsuccessful, 
yielding  only  decomposition  products.  By  protecting  the  sulfur  as  its  S-sulfonate. 
the  peptide  could  be  isolated  as  the  stable  [Cys27(SS03)]-phGnRH(  14-69),  a  form 
that  could  be  readily  converted  to  the  free  Cys  [5]. 
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Fig.  I.  U i)  Crude  PCQ-16  (h)  Purified  PCO-Ih  dimer,  (c)  PCQ-16  monomer  from  treatment  of  dimer 
(0.5  mg/ml)  with  I  eq.  of  IC HP  in  20  mM  XHjOAc  (m  pH  4.5  ft  =  S  min).  I'vdac  CIS  analytical 
column.  Solvent  system:  [ A/=0.1'  i  TFA:  /B/=60ri  CIFCX  in  H  O  containing  ti.F'i  TFA:  Flow 
rate  =  2.0  mL/min:  Gradient  elution  of  20-40 %  B  in  20  nun.  Monomer  ( tr )  and  dimer  ( t  )  locations 
are  marked. 


Endothelin  in  its  fully  reduced  state  has  four  free  sulfhydryls  and  has  a  high 
propensity  to  aggregate  in  water  at  pH  7.  Furthermore,  we  have  isolated  the 
16-21  fragment  as  a  major  species,  suggesting  thiol-mediated  decomposition. 
Both  polymerization  and  decomposition  of  endothelin  can  be  circumvented  by 
conversion  of  the  reduced  peptide  to  its  tetra  S-sulfonate.  followed  by  subsequent 
transformation  to  ET  by  treatment  with  a  reducing  agent  [7]. 

We  have  shown  herein  temporary  protection  of  the  free  sulfhydryls  (by 
dimerization  or  the  introduction  of  the  S-sulfonate  group)  can  be  used  for  the 
successful  and  ultimate  isolation  of  some  reactive  thiol  containing  peptides. 
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Introduction 

B19  human  parvovirus  is  the  cause  of  a  miid  childhood  disease,  erythema 
infectiosum  but  can  be  life-threating  in  patients  with  a  weakened  immune  system 
such  as  the  fetus  or  those  with  leukemia.  B19  human  parvovirus  is  a  naked, 
single  stranded  DNA  virus.  The  genome  has  been  sequenced  [1].  One  region 
codes  for  two  different  structural  proteins  VP1  and  VP2.  VP2  is  the  main  protein 
in  the  icosahedral  capsid.  Different  immunogenic  properties  have  been  noted 
for  the  empty  and  in  the  DNA  containing  virus  particles. 

Results  and  Discussion 

Rabbits  were  immunized  in  Freund’s  complete  adjuvant  for  the  first  immu¬ 
nizations  and  incomplete  Freund’s  adjuvant  for  the  boosters  with  100  ng  peptides 
JB50  and/or  JB151  derived  from  the  structure  proteins  of  B19  parvovirus,  and 
Ig  responses  were  measured  by  ELISA  (Fig.  1). 

Among  the  rabbits  immunized  with  JB50,  8  did  not  respond,  2-3  '  'ere  weak 
responders,  4  and  9  responded  after  the  second  immunization,  and  1  responded 
after  a  third  immunization.  Rabbits  1  and  4  were  not  boosted,  1  slowly  decreased 
in  titer  but  4  stayed  on  at  an  elevated  level.  Rabbit  9  responded  after  a  booster 
dose  on  day  320. 

Rabbits  5-9  were  all  immunized  with  JB151,  8-9  were  previously  immunized 
with  JB50.  Rabbits  5-7  responded  to  the  first  immunization  and  at  least  one 
additionally  responded  to  the  booster  dose.  Rabbits  8-9  responded  first  after 
the  second  immunization,  9  with  titer  increase  after  an  additional  booster. 

Antibodies  to  JB151  appear  fast  and  in  all  animals  immunized.  Antibodies 
to  JB50  appeared  in  some  rabbits  to  a  low  degree,  and  were  not  detected  in 
one  rabbit.  Booster  dose  with  both  peptides  promptly  provoked  titer  rises  in 
animals  responding  well  to  the  immunizations. 

Hence,  both  the  JB50  and  JB151  peptides  from  parvovirus  BI9  contain  B- 
cell  epitopes.  JB151  also  includes  T-cell  epitope(s)  (data  not  shown),  and  JB151 
might  be  useful  for  vaccine  development  against  BI9  human  parvovirus  infection. 
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absorbance 


fjo  /.  la  responses  in  rabbits  immunized  with  JB50  and/or  JBI5I.  Ig  responses  after  the  first 
immunization  and  the  boosters  are  determined  and  followed  for  56-J76  d  after  the  r'rst  immunization. 
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Introduction 

The  use  of  chromatographic  methods  to  probe  the  interactive  surfaces  and 
conformations  of  peptides  and  proteins  has  emerged  over  the  past  several  years 
as  a  powerful  tool  in  the  study  of  peptide  or  protein-ligand  interactions  [1- 
3].  In  the  present  study,  we  have  combined  the  use  of  our  recently  derived 
amino  acid  hydrophobicity  coefficients  [4,5]  and  other  chromatographic  pro¬ 
cedures  with  computer  graphics  analysis  to  define  the  interactive  regions  of  porcine 
growth  hormone  (pGH)  which  are  involved  in  stabilization  of  helical  segments. 

Results  and  Discussion 

Prediction  of  secondary  structure  of  pGH 
The  pGH  sequence  was  transformed  with  our  amino  acid  hydrophobicity 
coefficients  and  analyzed  to  search  for  amphipathic  helices  by  calculating  the 
square  of  the  Fourier  transform  of  an  11  amino  acid  residue  window  moving 
along  the  sequence-aligned  coefficients,  one  residue  at  a  time.  The  resulting 
contour  plot  (data  not  shown)  indicated  that  the  predicted  amphipathic  domains 
correlate  well  with  the  known  location  of  the  a-helical  domains  of  pGH  [6]. 
The  coefficients  used  in  this  analysis  have  previously  been  shown  [5]  by  principal 
component  analysis  to  be  inversely  correlated  with  electronic  properties  of  the 
amino  acids.  The  amphipathic  analysis  indicates  that  a  periodicity  in  these 
properties,  as  measured  by  an  interactive  process,  represents  an  important 
determinant  in  the  stabilization  of  the  a-helices  in  pGH.  In  order  to  further 
validate  these  predictive  methods,  the  potential  of  these  different  regions  of  the 
pGH  molecule  to  adopt  amphipathic  structures  was  investigated  using  RPHPLC. 

Chromatographic  analysis  of  pGH 

The  retention  behavior  of  pGH-related  peptides  and  proteins  in  HPLC  systems 
was  characterized  according  to  the  relationship 

log  k  =  log  kQ  -  S'P 

where  log  k  is  the  median  capacity  factor  and  'P  is  the  corresponding  organic 
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Fig.  I.  Plots  of  S  versus  temperature  for  the  pGH(  136-141)  peptide  fragment  eluted  under  different 
chromatographic  conditions. 


solvent  composition.  The  parameter  log  k0  is  a  measure  of  the  affinity  of  the 
interaction,  while  S  can  be  related,  through  the  solvophobic  theory  [7],  to  the 
contact  area  established  between  the  solute  and  the  ligands.  The  relative  stability 
of  a  series  of  tryptically-derived  fragments  of  pGH  were  determined  through 
changes  in  the  S  and  log  k0  values  using  two  different  stationary  phases,  (C4 
and  C|8),  and  two  different  organic  mobile  phases  (TFA/acetonitrile  and  TFA/ 
propan- l-ol).  In  addition,  each  peptide  was  chromatographed  at  37°C,  65°C 
and  85°C  at  each  set  of  chromatographic  conditions.  An  example  of  the  data 
obtained  is  presented  in  Fig.  1  which  shows  plots  of  changes  in  S-value  with 
increasing  temperature  for  the  fragments  corresponding  to  amino  acid  residues 
136-141  under  four  different  experimental  conditions.  Fragments  chromatogra¬ 
phed  using  propanol- 1  in  the  mobile  phase  generally  showed  more  variation 
in  their  S-value  than  the  same  fragments  using  a  mobile  phase  containing 
acetonitrile.  This  behavior  is  due  to  propanol- 1  having  a  lower  dielectric  constant 
with  dipolar  interactions  between  the  solute  and  this  solvent  minimized  through 
the  formation  at  lower  temperatures  of  an  amphipathic  structure  with  the  bulky 
hydrophobic  side  chains  clustered  as  a  topographical  surface.  Computer  graphics 
of  pGH  fragments  encompassing  peptide  136-141  clearly  demonstrated  the 
segregation  of  hydrophobic  and  hydrophilic  residues  in  an  energy  minimized 
a-helical  conformation  [9],  in  accord  with  the  experimental  observations. 
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Introduction 

Allyl  based  side-chain  protection  is  potentially  applicable  to  both  tBoc-  and 
Fmoc-chemistries,  may  be  used  in  combination  with  conventional  protection 
for  side-chain  branching  and  production  of  side-chain  to  side-chain  linked  cyclic 
peptides,  and  offers  the  advantage  that  side-chain  deprotection  may  be  accom¬ 
plished  by  Pd(O)  catalyzed  transfer  prior  to  cleavage. 

Results  and  Discussion 

The  preparation  of  several  Fmoc-derivatives  is  shown  in  Table  1.  Extended 
treatment  with  Fmoc  or  tBoc  removal  reagents  caused  negligible  damage  to 
allyl  groups.  All  the  reported  allyl  protected  Fmoc  amino  acids  were  found 
to  couple  efficiently  and  were  incorporated  into  the  sequence  Ile-Ala-X-Gly. 
Under  a  variety  of  conditions  Pd(O)  treatment  of  the  peptide-polystyrene  supports 
gave  incomplete  allyl  removal.  Near  quantitative  cleavage  was  obtained  for  all 
but  Cys(Al)  when  a  novel  polyethyleneglycol-polystvrene  copolymer  (PEG-PS) 
[1]  was  used,  and  the  N-terminal  protecting  group  was  removed  after  allyl 
cleavage.  Typically,  200  mg  of  peptide  resin  in  a  5  mL  polypropylene  vial,  is 
treated  with  dry  THF  (3  mL),  morpholine  (200  p.L),  triphenylphosphine  (250 
mg),  and  tetrakis-triphenylphosphine  palladium  (O)  complex  (50  mg).  The  vial 
is  sealed,  shaken  overnight,  and  the  resin  washed  with  THF  repeatedly  prior 
to  further  treatment.  Some  ornithine  was  found  when  Arg(Aloc)2  was  used. 

Prothrombin  1-9  (ANKGFLEEV)  was  prepared  as  its  C-terminal  amide  on 
PAL-PEG-PS  using  Fmoc-Glu(OAl)-OH  and  Fmoc-Lys(Aloc)-OH.  From  this 
synthesis  were  obtained  both  allyl  protected  and  allyl  cleaved  peptides,  and  the 
free  peptide  was  found  to  be  identical  to  the  same  peptide  made  with  tBu  based 
protection,  the  FABMS  showing  complete  removal  of  all  allyl  protection.  In 
further  experiments  the  phenylalanine  in  this  test  sequence  was  replaced  with 
Trp,  Tyr,  and  Met;  and  the  allyl  cleaved  peptides  shown  to  be  equivalent  to 
the  standard  syntheses.  In  an  interesting  recent  example  conventional  synthesis 
of  the  sequence  Ac-Tyr-(Lys)9-AIa-NH2  [2]  (with  TFA  +  thiol  scavenger  cleavage) 
a  significant  amount  of  t-butylated  impurity  was  generated,  with  the  allyl 
chemistry,  although  some  higher  molecular  weight  materials  were  present,  the 
FABMS  show  complete  cleavage  of  the  9  allyloxycarbonyl  groups;  the  product 
purity  being  at  least  as  good  as  in  the  standard  synthesis. 

The  Fmoc-mediated  assembly  of  the  published  sequence  derived  from  human 
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Table  1  Synthesis  of  side-chain  allyl  protected  Fmoc  amino  acids 


Derivative 

Synthesis 

m.p. 

HPLC* 

TLCb 

Fmoc-Asp(OAI)-OH 

Asp  +  allyl  alcohol, 
c.H2S0„  -  H-Asp(OAl)-OH, 

+  Fmoc-OSu  —  Product 

105-108 

16.0 

0.47(1) 

Fmoc-Glu(OAIFOH 

Glu  +  Fmoc-OSu  — 

Fmoc-Glu-OH,  +  allyl 
alcohol.  c.H2S0<, 

—  Product 

66-72 

16.5 

0.49(1) 

Fmoc-Lys(Aloc)-OH 

Lys  +  Cu  +  CI-CO-0-CHrCH  =  CH2 

—  Lys(Aloc)Cu  complex, 

+  HiS.  then  Fmoc-OSu 

—  Product 

80-85 

15.7 

0.65(2) 

Fmoc-Orn(AlocFOH 

Ornithine  as  Lys 

82-85 

14.0 

0.63(2) 

Fmoc-Cys(Al)-OH 

Cys  +  Fmoc-OSu  — 

Fmoc-Cys-OH,  + 

Br-CH2-CH  =  CH2  —  product 

87-9  P 

18.0 

0.52(2) 

Fmoc-Arg(Aloc)2-OH 

Arg  —  tBoc- Arg-OH  — 
tBoc-Arg(Aloc)2-OH  +  TFA, 
then  Fmoc-OSu  —  Product 

65-69 

14.0 

0.75(2) 

*  HPLC  elution  times  (min)  on  Waters  C-18  column,  buffer  A  0.1%  TFA  in  water,  buffer  B  0.1% 
TFA  in  CF^CN,  flow  1.7  ml/min.  gradient  30%  B  for  3  min  then  to  100%  B  over  20  min: 
b  TLC  on  Merck  GF254  plates  in  CHCh/MeOH/AcOH  90:  8  :  2  (1)  or  77.5  : 15  :  7.5  (2)  all  reported 
derivatives  give  correct  C.H.N  analysis. 
c  DCHA  salt. 

GRF(l-29),  YADAIFTNSYRKVLGQLSARKLLDIMSR  amide  proceeded  with 
high  efficiency  on  PAL-PEG-PS.  The  3,12-bis(allvl)  protected  peptide  was 
obtained  from  a  sample  of  the  product,  the  majority  of  the  completed  peptide 
resin  was  subjected  to  allyl  cleavage,  then  treated  with  BOP  reagent  to  establish 
the  desired  inter-sidechain  amide  bridge.  Following  conventional  cleavage, 
FABMS  and  sequence  analysis  showed  the  presence  of  >  50%  yield  of  the  desired 
cyclic  material  with  some  higher  molecular  weight  product  thought  to  arise  from 
piperidine  used  for  the  final  Fmoc-  removal  reacting  with  activated  Asp3  which 
had  failed  to  couple  with  Lys12. 
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Introduction 

Previous  work  [1,2]  showed  that  the  self-indicating  1-phenylpyrazolinone  enol 
esters,  ONpp  and  OPnp  (Fig.  1,  c  =  N02,  R2  =  CH3  or  Ph,  respectively)  were 
highly  active,  crystalline  and  stable. 

Results  and  Discussion 

New  pyrazolinones  were  prepared  (Fig.  1).  Although  in  all  cases,  the  inter¬ 
mediate  hydrazones  form  in  high  yield,  the  conversion  step  for  di-  and  tri-nitro 
substituted  derivatives  can  only  be  achieved  under  basic  conditions  in  acetonitrile. 


EtO,C 

ElO,C 


u 


OEl 


ii)  NHjNHPhNO, 


Fig.  I.  Synthetic  routes  to  substituted  1-phenyl  pyrazolinones. 
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Table  1  Competition  assay  and  properties  of  Fmoc-  Val  esters 


Abb. 

R, 

Rj 

R4 

Self 

ind. 

m.p. 

Comp. 

V/I 

Assay 

Rel.  act. 

a 

b 

C 

Npp 

H 

H 

NO, 

CH, 

H 

4- 

195-197 

1.36 

1.00 

Hpp 

H 

H 

NOj 

H 

H 

+ 

167-169 

1.67 

1.23 

Mpp 

H 

H 

H 

CH, 

H 

- 

151-152 

0.10 

Dpp 

H 

H 

H 

Ph 

H 

- 

147-149 

0.29 

0.71 

Ppn 

H 

H 

H 

PhNO, 

H 

4- 

176-177 

0.71 

o..: 

Pnp 

H 

H 

NO, 

Ph 

H 

4- 

168-171 

3.16 

2.32 

NCIp 

H 

H 

NO, 

Ph-CI 

H 

-r 

186-189 

3.04 

2.24 

Bnp 

H 

H 

NO, 

PhNO, 

H 

4- 

168-170 

3.31 

Tnp 

NO, 

H 

NO, 

PhNO, 

H 

+ 

103-105 

8.16 

** 

Dnp 

NO, 

H 

NO, 

Ph 

H 

4- 

79-  95 

3.74 

•  * 

Clp 

H 

H 

Cl 

Ph 

H 

_ 

112-113 

CINp 

H 

H 

Cl 

PhNO, 

H 

4- 

164-167 

1.42 

DClp 

Cl 

H 

Cl 

Ph 

H 

- 

146-149 

EtHp 

H 

H 

NO, 

H 

CO,Et  4- 

131-134 

2.09 

Necp 

H 

H 

NO, 

C02Et 

H 

4- 

161-165 

*•*# 

Nacp 

H 

H 

N02 

CONHj 

H 

4- 

foam 

4.34 

3.19 

NCNp 

H 

H 

NO, 

CN 

H 

4- 

foam 

13.85 

DNP 

2,4-dinitrophenyl  ester 

weak 

112-113 

2.07 

1.52 

PFP 

pcntafluorophenyl  ester 

- 

122-127 

0.24 

0.18 

SBt 

2-mercaptobenzothiazole 

- 

129-131 

3.98 

2.98 

Asterisks  indicate  coupling  incomplete  in  assay,  **  ca.  90%;  *•*  ca.  80%;  ••**  ca.  50%. 


The  3'-unsubstituted  derivative  Hpp  cannot  be  achieved  in  this  way  but  is 
accessible  as  outlined.  Several  pyrazolinones  were  incorporated  into  variants 
of  the  HBTU  and  BOP  coupling  reagents.  The  former  are  satisfactory  for  peptide 
coupling  and  are  useful  in  the  preparation  of  the  pure  active  esters.  Table  1 
shows  the  structure  of  pyrazolinones,  and  the  relative  activities  the  Fmoc-Val 
test  ester  and  Fmoc-Ile-ONpp  are  mixed  and  coupled  to  a  Gln(Tmob)-Ala 
polystyrene  support.  This  assay  identifies  candidate  esters  5  to  20  times  more 
active  than  OPFP  esters. 

Several  active  esters  of  Fmoc-Ser(tBu)  and  Fmoc-Thr(tBu)  were  prepared  and 
tested  in  couplings  to  the  difficult  sequence  IATGKVLTY,  which  showed  that 
Hpp>Npp>Bnp  =  Pnp>Tnp.  In  the  synthesis  of  peptide  T,  Hpp  esters  gave 
superior  efficiencies  than  did  Dhbt  esters.  Hpp  esters  were  prepared  from  all 
Fmoc-amino  acids  (except  histidine).  For  His(tBoc)  the  mercaptobenzothiazole 
ester  is  preferred,  and  for  He  the  Bnp  derivative  has  better  solubility.  Application 
of  these  derivatives  improve  the  product  quality  achieved  by  active  ester  methods. 
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Introduction 

A  novel  type  of  glycoprotein  has  been  discovered  where  maltose  is  linked 
to  the  hydroxy  group  in  a  specific  tyrosine  side  chain  [1,2].  This  glycoprotein, 
glycogenin,  constitutes  the  self-glucosylating  primer  for  the  biosynthesis  of 
glycogen.  It  is  not  yet  established,  whether  the  O-glycosidic  bond  to  the  protein 
has  the  a-  or  ^-configuration.  We  recently  reported  a  simple,  efficient  and  general 
strategy  for  the  solid  phase  syntheses  of  O-  [3,4]  and  N-glycopeptides  [5]  via 
glycosylation  of  Pfp-esters.  Glycosylation  of  the  aromatic  and  acidic  hydroxy 
group  in  tyrosine  is  difficult  in  accordance  with  the  established  low  reactivity 
of  phenolic  hydroxy  groups.  As  a  consequence  harsh  reaction  conditions  have 
often  been  used.  We  have  reported  preliminary  results  in  applying  a  mild 
procedure  to  the  synthesis  of  a  a-glucosylated  tyrosine  derivative  [6].  Here  we 
describe  the  syntheses  of  several  a-  and  /3-gluco-  and  maltosides  of  Fmoc-Tyr- 
OA11  and  Fmoc-Vyr-OPfp  and  the  use  of  the  latter  for  the  SPPS  of  partial 
sequences  of  glycogenin. 

Results  and  Discussion 

Fmoc-Tyr-OPfp  was  prepared  via  carbodiimide  activation  and  purified  on 
dried  silicagel  by  standard  procedures.  The  allyl  ester  of  Fmoc-Tyr-OH  was 
prepared  by  the  cesium  salt  method  and  used  as  an  stable  analog  to  Fmoc- 
Tyr-OPfp.  The  stability  of  these  two  tyrosine  derivatives  and  their  ability  as 
glycosyl  acceptors  was  studied  under  a  variety  of  conditions.  It  proved  poss  Me 
to  glycosylate  the  tyrosine  derivatives  under  rather  mild  conditions  (Table  1). 
The  acetylated  /3-glycosides  were  prepared  using  CH2C12  as  solvent  and  silver 
triflate  as  promoter  (1-4).  When  CH3CN  was  used  as  solvent  under  these  modified 
Koenigs-Knorr  conditions,  a  mixture  of  the  a-  and  /3-glycosides  was  obtained. 
This  surprising  result  can  be  ascribed  to  the  intermediate  formation  of  a-  and 
^-configured  acetonitrilium  complexes  between  the  glycosyl  donor  and  the  solvent 
[7],  When  the  glycosyl  donor  was  benzoylated  the  two  glycosides  were  well 
separated  by  preparative  HPLC  and  the  Pfp-ester  proved  to  be  relatively  stable 
under  the  applied  conditions  (5).  A  mixture  of  the  a-  and  /3-glycosides  could 
also  be  obtained  by  using  a  large  excess  of  tetra-O-benzyl  glucosyl  trichloro- 
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Table  1  Glycosylation  of  Fmoc-Tyr-OPfp  and  Fmoc-Tyr-OAII 


1 

2 

3 

4 

5 

6 


Donor 

Promoter 

Solvent 
Temp.(°C)/ 
Time  (h) 

Fmoc- 

Tyr- 

OA11 

Fmoc- 

Tyr- 

OPtp 

HPLC 

a/p 

(yield  %) 

Isolated 
(yield  %) 

Ac4GlcBr 

AgOTfl 

CHiCIi 

-10/1.5 

+ 

0/100  (  80) 

p :  68 

Ac4GlcBr 

AgOTfl 

CH'CL 

-10/1.5 

+ 

1/  99  (100) 

a  :  <  2;  /} :  64 

AcvMalBr 

AgOTfl 

CHiCL 

-10/2.6 

-1- 

0/100  (  92) 

P :  42 

Bz4GlcBr 

AgOTfl 

CH-CL 

-10/1.5 

~r 

3/  97  (100) 

P :  47 

BsuGIcBr 

AgOTfl 

CFLCN 

22/44 

+ 

47/  53  (  59) 

a:  15;  0:19 

Bn4GlcTca 

TMSOTfi 

Et20/ 

-30/2.5 

+ 

69/31  (  83) 

a:  27 

acetimidate  (Bn4GlcTca,  6).  The  benzyl  protection,  however,  would  require 
reductive  cleavage  in  the  final  deprotection  of  the  glycopeptide. 

The  building  blocks  Fmoc-Tvr(Ac4-/?-D-Glc)-OPfp  and  Fmoc-Tyr(Ac4-a-D- 
Glc-(l-4)-Acr/J-D-Glc)-OPfp  were  used  in  the  assembly  of  glycosylated  glyco- 
genin  fragment  184-208  by  the  Dhbt-ester/continuous  flow  polydimethylacryl- 
amide  method. 
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Introduction 

A  critical  issue  in  SPPS  is  the  slow  coupling  rate  due  to  rigid  conformations. 
Simultaneously,  a  slow  fission  of  the  N-terminal  protecting  group  is  observed. 
The  formation  of  side  products  lowers  the  yield  and  renders  purification  tedious 
or  even  impossible.  These  difficulties  are  envisaged  in  almost  20%  of  all  natural 
peptides  [1].  The  rate  of  deprotection  of  Fmoc  as  detected  by  online-monitoring 
during  the  synthesis  is  related  to  the  conformation  of  the  peptide.  Hitherto, 
the  suppression  of  unfavorable  conformations  by  use  of  polar  solvents,  chaotropic 
salts  [2]  or  elevated  temperatures  succeeded  only  imperfectly. 

We  now  have  found  a  new  solvent  composition  to  prevent  these  shortcomings. 

Results  and  Discussion 

One  of  the  most  rigid  conformations  is  formed  in  the  synthesis  of  valine- 
threonine  oligomers.  The  online  detection  of  Fmoc-deprotection  shows  a  collapse 
of  the  coupling  rate  [3,4]  after  the  seventh  amino  acid  valine;  the  Fmoc- 
deprotection  peak  decreases  to  zero.  According  to  Mutter  [5]  this  is  attributed 
to  an  antiparallel  /3-sheet.  By  the  use  of  the  new  solvent  combination  DMF/ 
ethylene  carbonate,  the  development  of  the  /3-sheet  was  almost  entirely  avoided 
(Fig.  1). 

Th  *  synthesis  was  carried  out  on  a  PS-PEG  graft  copolymer  (Tentagel™, 
Rapp'Polvmere,  Tubingen)  in  a  continuous-flow  technique. 

The  synthesis  of  human  calcitonin  is  handicapped  by  a  conformational  change 
in  the  region  between  Gin'*  and  Lvs15.  which  is  a  region  typical  for  /3-sheets; 
a  further  complication  is  encountered  between  Ser28  and  GlyM.  Both  problems 
were  solved  by  using  a  solution  of  3  M  ethylene  carbonate  in  DMF.  Cleavage 
from  the  resin  was  followed  by  product  analysis  by  direct  ion  sprav-MS.  LC- 
MS,  HPLC  and  CE.  MS  after  HPLC  purification  confirmed  the  purity  of  the 
substance.  In  a  non-optimized  synthesis  of  the  Acm-protected  peptide  an  overall 
yield  of  31%  was  achieved. 

Furthermore,  kinetic  studies  revealed  the  favorable  properties  of  the  system 
DMF/ ethylene  carbonate.  The  coupling  rate  of  Fmoc-Leu  on  the  PS-PEG-Pro 
resin  is  up  to  70%  higher  than  in  pure  DMF.  Consequently,  we  have  found 
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Val  Thr  Val  Thr  Vai  Thr  Val  Thr  Val 


Fig.  1.  Fmoc-deprotection  in  the  synthesis  of  the  Val-Thr  oligomers. 


for  the  first  time  a  solvent  system  which  effectively  breaks  down  undesired 
conformations  frequently  occurring  in  SPPS. 
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Introduction 

Protein  phosphorylation  is  an  important  post-translational  modification  re¬ 
gulating  enzymic  functions  within  cells  [1,2].  Tyrosine  phosphorylation  appears 
to  be  a  major  mechanism  of  cellular  signal  transduction.  Thus,  phosphotyrosine- 
containing  peptides  are  required  to  study  the  principles  which  govern  the 
specificity  of  phosphorylation  and  dephosphorylation  of  tyrosine  residues  within 
proteins. 

Results  and  Discussion 

We  have  investigated  two  strategies  for  the  synthesis  of  phosphotyrosine- 
containing  peptides:  global  phosphorylation  of  unprotected  tyrosine  in  presyn¬ 
thesized  resin-bound  peptides  and  incorporation  of  suitably  protected  phospho- 
tyrosine  building  blocks  in  stepwise  synthesis.  Furthermore,  phosphorus  III 
chemistry  and  different  phosphoprotecting  groups  were  used.  For  the  global 
phosphorylation  we  have  applied  the  different  phosphinylation  reagents  1  which 
were  activated  by  tetrazole  [3].  After  oxidation,  deprotection  according  to  the 
different  phosphoprotecting  groups  yielded  the  corresponding  phosphotyrosine- 
containing  peptides  in  good  yields. 


R’o 

\ 

P-NR, 

,  t 

R’O 

1 


R1  -  Me.  Bzl,  Bu\  ally! 
R  -  Et,  FV 


Fmoc. 


II 

o 


Alternatively,  the  building  blocks  2  have  been  prepared  and  incorporated  [4,5] 
in  continuous  flow  Fmoc  solid  phase  synthesis  on  kieselguhr  supported  poly- 
(dimethylacrylamide)  [6],  All  couplings  were  performed  with  1,1,3,3-tetramethyl- 
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Table  1  Phosphotyrosine-containing  peptides 


[TysiPy27]  p60*,<:  (523-531) 
[Tyr(/*)394]  p56,f*  (390-398) 
[TyrfP)505]  p56**  (501-509) 
[Tyr(P)u7r]  EGFR  (1167-1 177) 
(TyitP)"^]  IR  (1142-1 153) 
[Tyr(/>)"*>]  IR  (1142-1153) 
[Tvr(P)"5']IR  (1142-1 153) 


Thr-Glu-Pro-Gln-Tyr(P)-Gln-Pro-Gly-Glu 

Glu-Asp-Asn-GIu-Tyr(/*)-Thr-Ala-Arg-Glu 

Thr-Glu-Gly-Gln-Tyr(/’)-Gln-Pro-Gln-Pro 

Thr-Ala-Glu-Asn-Ala-Glu-TyrlPVLys-Arg-Val-Ala 

Thr-Arg-Asp-Ile-Tyr(/>)-Glu-Thr-Asp-Tyr-Tyr-Arg-Lys 

Thr-Arg-Asp-Ile-Tyr-Glu-Thr-Asp-TyrfPl-Tyr-Arg-Lys 

Thr-Arg-Asp-Ile-Tyr-Glu-Thr-Asp-Tvr-Tyr^pArg-Lys 


2-(2-oxo-l(2H)-pyridyl)uronium  tetrafluoroborate  (TPTU)  as  activating  reagent 
[7].  By  both  strategies  we  have  synthesized  a  number  of  biologically  relevant 
phosphotyrosine-containing  peptides  (Table  1).  These  peptides  have  been  used 
to  investigate  the  substrate  specificity  of  a  catalytic  part  of  the  human  trans¬ 
membrane  leukocyte  antigen  related  (LAR)  protein  tyrosine  phosphatase  [8], 
Purity  of  the  peptides  was  assessed  by  RPHPLC  and  capillary  zone  electro¬ 
phoresis.  They  were  characterized  by  FABMS,  standard  gas  phase  as  well  as 
solid  phase  sequencing. 

Both  strategies  afforded  the  desired  phosphotyrosine-containing  peptides  in 
good  yields.  Global  phosphorylation  avoids  the  preparation  of  the  phosphorylated 
building  block,  however,  since  oxidation  is  involved  tryptophan  and  methionine 
containing  peptides  cannot  be  prepared  by  this  method.  However,  they  can  be 
synthesized  by  the  building  block  approach.  Different  phosphoprotecting  groups 
provide  further  flexibility  in  both  systems.  We  have  also  achieved  multiple 
phosphorylations  using  both  methods  [9]. 
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Introduction 

The  observation  [1],  that  a  methyl  ester  of  a  protected  dipeptide  can  yield 
a  protected  tripepMde  on  reaction  with  an  amino  acid  tert-butyl  ester,  if  subjected 
to  the  accelerating  effect  of  pressures  around  1  GPa  [2],  was  followed  by  observing 
several  side  reactions  [1,3],  not  encountered  under  ambient  pressure  (Fig.  1). 
One  of  them,  the  base  catalyzed  high  pressure  conversion  of  tert-butyl  ester 
to  methyl  ester  [3,4],  allows  one  to  suggest  a  reaction  scheme  for  repetitive 
peptide  synthesis  with  prolongation  of  the  carboxyl  end,  based  on  two  simple 
reactions  (Fig.  1,  path  X).  Since  the  peptide  bond  formation  may  be  rather 
slow,  depending  on  the  structure  of  the  reactants,  we  investigated  how  to  increase 
reaction  rate,  utilizing  the  accelerating  effect  of  pressure-induced  phase  transition 
of  the  solvent  [5], 

Results  and  Discussion 

The  rate  constants  of  amide  formation,  calculated  during  the  first  ten  minutes 

Reaction  ol  Nps~dlpepflde  methyl  esters 
with  cyclohexylamlne  (0.2M.  DMFA,  47*C) 


10  kBor.  fluid 
12  kgar.  010  min 


§23  12  tBar.  tdO  min. 


Nps-Ala-Ala-OMe 

Nps-Gly-Phe-OMe 

Nps-Gly-Leu-OMe 

Np$-G!y-leu-OMe 
amine  03M 


0  I  2  3  4  5  6 

log  k(obs)h'  *< 

excess  of  amine,  rat*  in  solution  and  in 
two  tuccMive  lime  periods  of  freeting 


Fig.  1.  Reactions  and  side  reactions  at  pressures  in  the  range  8-16  kBar. 
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pressures  in  (he  range  8-16  kBar 


Y-(peptlde)-OMe  +  (am.acld)-OBul 


Y-(peptlde+i)-OMe  — ►  Y-(pepllde+l)-OH 

polar  solvent.HjO.amlne 


Fig.  2.  Reaction  of  Nps-dipeptide  methyl  esters  with  cyclohexylamine  (0.2  M,  DMFA,  47°C). 

(estimated  time  for  the  end  of  volume  contraction  during  freezing)  are  much 
lower  for  all  three  methyl  esters  than  those  calculated  for  the  subsequent  time 
period.  Differences  in  their  reactivity  in  solution  also  persist  after  the  phase 
transition.  However,  an  increase  in  amine  concentration  results  in  a  rate  increase 
in  solution,  as  well  as  a  decrease  of  rate  at  the  higher  pressure  (Fig.  2).  In 
an  experiment  performed  with  Val-OBu'  in  DMFA  at  14  kBar,  in  which  the 
pressure  was  increased  and  decreased  several  times,  the  rate  did  not  show  any 
increase,  demonstrating  the  absence  of  a  hidden  dynamic  effect  during  the  last 
period  of  freezing.  Therefore  acceleration  is  a  property  of  the  frozen  phase. 
The  inverse  effect  of  concentration  is  even  more  pronounced  with  Val-OBu1 
and  can  be  seen  also  in  other  solvents.  Apparently,  this  is  due  to  cryoscopic 
properties  of  the  reaction  mixture.  Still  another  factor,  observed  in  DMFA  at 
23°C  and  47°C,  is  the  increase  of  rate  dependence  on  benzylamine  concentration 
at  pressures  close  to  phase  transition  of  DMFA,  which  may  reflect  a  change 
by  pressure  in  solvent-solute  interaction. 
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Introduction 

Epitope  libraries  comprise  tens  of  millions  of  different  peptides;  each  individual 
peptide  is  displayed  on  the  surface  of  a  bacteriophage  clone.  Ligate  (e.g.,  antibody 
or  receptor)  is  used  to  affinity  purify  rare  phage  bearing  ligand-peptides  from 
the  library.  We  describe  here  a  strategy  for  making  conotope  phage  libraries, 
which  comprise  phage  bearing  millions  of  different  conotoxin-like  structures. 
This  should  allow  the  discovery  of  peptide  ligands  for  many  ligates,  particularly 
the  ion  channels  and  receptors  of  the  nervous  system. 

We  [1]  and  others  [2,3]  have  previously  shown  that  epitope  libraries  can  be 
used  to  identify  peptides  that  bind  to  two  peptide-binding  monoclonal  antibodies 
and  to  streptavidin;  however,  we  have  not  always  been  able  to  find  tight-binding 
peptides  when  screening  a  hexapeptide  epitope  library  with  ligates  that  recognize 
folded  determinants  on  proteins  [4,5].  This  has  led  us  to  look  for  structural 
domains  in  which  to  display  variable  amino  acid  sequence  regions  on  phage. 

The  cone  snails  have  evolved  ‘natural  libraries’  of  peptide  neurotoxins  called 
conotoxins.  These  peptides  bind  specifically  and  tightly  to  a  variety  of  ligates, 
including  acetylcholine  receptor  and  Na  and  Ca-T  channels  [6].  Many  conotoxins 
are  short,  rigid  peptides,  which  are  formed  into  multi-looped  structures  by  multiple 
cystine  bridges.  Conotoxins  can  be  grouped  into  families  based  on  amino  acid 
sequence  homology,  and  many  groupings  depend  almost  exclusively  on  homo¬ 
logous  patterns  of  cystine  residues  that  are  flanked  by  intervening  regions  of 
hypervariable  sequences  [6]. 

Results  and  Discussion 

Because  of  their  rigid  structure,  small  size,  sequence  variability  and  biological 
activity,  the  conotoxins  provide  an  appealing  structural  format  for  displaying 
the  variable  regions  of  epitope  libraries.  We  are  constructing  two  model 
bacteriophage  which  display  different  conotoxin  structures  (conotopes).  One  bears 
the  two-looped  Ml-a-conotoxin  (which  binds  acetylcholine  receptor),  and  the 
other  the  three-looped  MVIA-«>-conotoxin  (which  binds  Ca2+  channels). 

These  conotope  phage  can  be  tested  for  binding  to  their  respective  re^emors, 
and  for  their  ability  to  be  affinity  purified  on  immobolized  receptor,  t  hage- 
borne  conotopes  can  be  isolated  by  cleaving  them  from  the  viral  coat  proteins 
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and  characterized  by  their  behavior  on  HPLC.  As  conotope  phage  are  not  useful 
for  making  large  quantities  of  peptide,  properly  folded  synthetic  counterparts 
to  phage  conotopes  can  be  identified  and  purified  from  incorrectly  folded  peptides 
by  HPLC,  using  the  free  phage  conotope  as  a  standard.  Thus,  the  structure 
of  synthetic  conotopes  can  then  be  analyzed  by  circular  dichroism  and  NMR 
and  tested  for  biological  activity. 

We  plan  to  construct  conotope  phage  libraries  by  replacing  the  loops  on  the 
a-  and  w-conotopes  with  variable  regions  ([7]  describes  the  construction  and 
use  of  epitope  libraries).  The  a-  and  w-conotope  libraries  will  comprise  tens 
of  millions  of  phage  bearing  different  conotopes.  Immobilized  ligate  will  be 
used  to  bind  phage  bearing  ligand-conotopes;  free  phage  will  be  washed  away, 
and  the  bound  phage  eluted  with  acid,  then  used  to  infect  cells.  These  enriched 
phage  will  be  amplified  by  growth  in  cells,  collected  and  further  purified  by 
repeated  rounds  of  affinity  purification.  Phage  clones  can  be  tested  directly  for 
binding  to  ligate,  and  the  DNA  sequence  encoding  their  conotope  regions 
determined. 

Properly  folded  synthetic  conotope  analogs  can  be  isolated  and  studied,  as 
described  above.  Such  structural  studies  may  provide  information  for  the  design 
of  non-peptide  mimetics  of  biologically  active  conotopes.  Thus,  conotoxin 
structure  may  be  utilized  in  constructing  phage  libraries  for  the  discovery  of 
ligands  for  receptors  and  ion  channels  of  the  nervous  system. 
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Introduction 

Peptide  synthesis  on  an  hydrophilic  support  is  envisaged  as  ultimately  leading 
to  lower  synthesis  costs.  In  addition,  the  synthesis  can  be  followed  by  amino 
acid  side  chain  deprotection  without  cleavage  of  the  peptide  from  the  resin. 
Subsequent  cleavage  of  a  portion  of  this  material  would  then  produce  a  peptide 
suitable  for  the  generation  of  antibodies.  The  uncleaved  portion  of  amino  acid 
side-chain  deprotected  peptide  bound  to  the  resin  could  be  used  for  purifying 
these  antibodies.  In  other  words,  one  synthesis  would  yield  an  antigenic  peptide, 
antibodies,  and  a  specific  affinity  matrix. 

Results  and  Discussion 

Preliminary  studies  addressing  these  proposals  have  been  carried  out  on  a 
beaded  cellulose  (Perloza)  support.  Cyanoethylation  of  Perloza  100  and  200  (from 
Tessek,  Prague)  followed  by  reduction  can  achieve  substitution  levels  of  up  to 
3  meq/g  of  amino  groups.  Recent  studies  have  employed  levels  of  amino  groups 
in  the  range  of  0.3- 1.2  meq/g.  Acylation  of  the  amino  group  by  the  anhydride 
of  a-chloro-  or  a-bromoacetic  acid  [1],  followed  by  alkylation  of  this  moiety 
using  the  cesium  salt  of  the  protected  C-terminal  amino  acid  results  in  its 
attachment  to  the  matrix  via  a  glycolamidic  ester,  ready  for  subsequent  peptide 
synthesis.  The  final  product  can  be  cleaved  either  before  or  after  amino  acid 
side  chain  deprotection.  The  peptides  LAGV,  Leu-enkephalin,  and  ACP(65- 
74)  were  synthesized  using  either  Boc  or  Fmoc  methodology. 

LAGV  and  Leu-enkephalin  were  synthesized  using  Boc  chemistry  with  BFi 
in  dioxan  for  N“  amino  deprotection,  HOBt  esters  for  coupling  and  N-methyl 
morpholine  for  neutralization.  Both  peptides  gave  good  AAA  and  a  single  peak 
on  HPLC.  Leu-enkephalin  was  also  synthesized  using  Fmoc  chemistry  and  the 
glycolamidic  ester  linker.  For  the  synthesis  of  ACP(65-74),  aminopropyl  Perloza 
was  acylated  with  the  preformed  Fmoc-glycyl  ester  of  p-hydroxymethyl-phe- 
noxyacetic  acid  2,4-dichlor'iphenyl  ester  prior  to  peptide  synthesis  via  standard 
Fmoc  chemistry.  The  peptide  was  cleaved  with  95%  TFA  to  give  a  75%  yield 
of  crude  product.  AAA  of  the  resin-peptide  and  the  cleaved  product  gave  the 
desired  ratios.  HPLC  analysis  showed  one  major  peak  (Fig.  1). 

Perloza  has  already  proven  useful  as  an  affinity  support  [2,3].  As  a  test  of 
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Fig.  I.  Crude  ACP  65-74. 


peptide  synthesis  on  the  support  leading  to  an  affinity  matrix,  a  peptide  (Val- 
D-Leu-Pro-Phe-Phe-Val-D-Leu)  reported  to  bind  chymosin  [4]  was  constructed 
on  aminopropyl  Perloza  100  using  Boc  chemistry.  As  there  was  no  need  to 
cleave  the  peptide,  the  C-terminal  D-Leu  was  bound  to  the  aminopropyl  linker, 
followed  by  synthesis  in  the  usual  manner.  Acylation  of  the  terminal  amino 
acid  with  succinic  anhydride  resulted  in  a  support  capable  of  binding  recombinant 
chymosin  (gift  from  Genencor,  SSF). 

It  appears  that,  modified  standard  Boc  and  Fmoc  strategies  can  be  employed 
successfully  with  the  Perloza  100  matrix  to  construct  at  least  short  peptides 
in  reasonable  yield. 
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Introduction 

Multivalent  ligands  have  been  shown  to  exhibit  extraordinary  properties  such 
as:  a)  enhanced  affinity  towards  interacting  cellular  binding  sites,  b)  increased 
potency,  c)  stability  towards  proteolytic  enzymes,  and  d)  longer  duration  of 
activity  [1,2].  Such  properties  result  from  simultaneous  multiple  interactions 
(cooperative  affinity)  between  the  ligand  and  the  acceptor.  We  are  developing 
a  new  class  of  multivalent  peptide  hormone  (neurotransmitter)  -  macromolecular 
composites  which  may  serve  as  powerful  diagnostic,  imaging,  and  therapeutic 
tools.  Composites  have  been  synthesized  in  which  multiple  copies  of  a  biospecific 
ligand  were  covalently  attached  to  a  biologically  compatible  but  inert  polyfunc¬ 
tional  macromolecule.  In  addition,  the  conjugation  of  multiple  copies  of  a 
fluorophore  directly  to  the  macromolecule  provided  an  enhanced  visual  means 
of  detection  of  ligand-macromolecular  composites  bound  to  target  cells  in  in 
vitro  binding  assays.  A  fluorescent  melanotropin  (MSH)  -  macromolecular 
composite  has  been  synthesized  and  used  to  demonstrate  the  presence  of  specific 
melanotropin  receptors  on  various  human  melanoma  cell  lines. 

Results  and  Discussion 

The  composition  of  various  composites  synthesized  in  this  study  are  described 
in  Table  1.  Poly-lysine  or  Poly-vinyl  alcohol  used  as  a  substrate  was  derivatized 
either  with  4-(p-maleimidophenyl)butyric  acid-N-hydroxysuccinimide  ester,  or 
with  3-(2-pyridyldithio)-propionic  acid-A-hydroxysuccinimide  ester  for  the  syn¬ 
thesis  of  composites  in  which  the  MSH  molecules  are  attached  to  the  polymer 
via  a  thioether  or  a  disulfide  linkage,  respectively.  The  successive  treatment  of 
the  derivatized  polymers  with  fluorescein  isothiocyanate  and  a  sulfhydrvl- 
containing  ligand  (thioethanol,  an  MSH  analog  or  a  dynorphin  analog)  provided 
the  desired  composites.  The  polymer  substrate  was  dialyzed  extensively  after 
each  reaction  step  and  the  degree  of  substitution  calculated  spectrophotome- 
trically.  The  peptide  derivatives  used  for  conjugation  (Table  1)  were  synthesized 
by  SPPS  and  purified  by  HPLC. 

The  binding  of  the  fluorescent  conjugates  with  a  variety  of  cultured  melanoma 
cells  and  other  malignant  and  normal  cell  types  as  studied  by  fluorescence 
microscopy  (Table  1)  demonstrated  that:  a)  the  MSH-PVA  conjugates  bound 
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Table  1  Results  demonstrating  specific  fluorescence  labeling  of  melanotropin  receptors 
on  various  melanoma  cell  types  by  fluorescent  MSH-macromolecular  composites 


Conjugate*1 

Malignant  cell  types 

Normal  cell 
types 

Mouse 

Human 

Mouse 

melanoma 

Melanoma 

Breast 

cancer 

B- 16  B-16J  .!Hh 

LR 

1649 

LR 

1650 

LR  WO 
1714b 

MA* 

MCF-7 

Spleen  Liver 

FITC- PVA 

-  -  _ 

FITC- PVA -S-MSH 

----- 

-i- 

+ 

+  + 

4- 

_ 

_ 

FITC-PVA-S-S-MSH 

- 

4- 

4- 

FITC-PVA-S-S- 

MSH  4-  DTT 

- 

_ 

FITC-PVA-S- 

MSH  4- DTT 

-+• 

+ 

+ 

+ 

FITC-PVA-TE 

—  _ 

_ 

FITC-PVA-S-TE 

_ 

_ 

FITC-PVA-S-DYN 

- 

(+)  Indicates  fluorescence  labeling. 
(-)Indicates  no  fluorescence  labeling. 
a  Cells  prefixed  in  1 %  formalin. 
b  Amelanotic  cell  lines. 

c  Similar  positive  responses  were  obtained  with 
all  other  human  melanoma  cells  that  were 
assayed. 


d  Abbreviations: 

DTT  =  Dithiothreitol. 

FITC  =  Fluorescein. 

PVA  =  Poly  vinyl  alcohol. 

S-DYN  =  Dvnorphin  analog;  [Lys(0-thiopro- 
pionvl)l3]Dynorphin(  1-1 3)-NH;. 

S-MSH  =  MSH  analog;  N°-des  acetyl-N“-thio- 
propionyl[Nle4.  D-Phe7l-a-MSH. 

TE  =  Thioethanol. 


to  all  the  melanoma  cell  lines  but  not  to  MCF-7  and  to  several  normal  cell 
types  used  as  controls;  b)  conjugates  lacking  the  MSH  analog,  or  instead 
containing  a  dynorphin  analog  or  thioethanol  moieties  did  not  bind  melanoma 
cells;  c)  the  treatment  of  FITC-PVA-S-S-MSH  with  DTT  prior  to  its  use  in 
fluorescence  labeling  experiment  abolished  its  ability  to  bind  the  melanoma  cells. 
All  these  observations  strongly  supported  the  specificity  of  the  binding  between 
fluorescent  MSH-PVA  conjugates  and  melanoma  cells. 
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Introduction 

Recent  work  trom  our  laboratories  and  that  of  others  [1]  has  provided  several 
methods  for  the  stepwise  SPPS  of  C-terminal  peptide  amides  in  conjunction 
with  protection  schemes  using  the  base-labile  iV“-9-fluorenylmethyloxycarbonyl 
(Fmoc)  function.  The  best  approaches  use  appropriate  handles ,  to  provide  a 
starting  point  for  chain  elongation.  Subsequently,  cleavage  of  completed  peptide 
chains  with  the  proper  terminus  is  achieved  by  acid  treatment  in  the  presence 
of  suitable  scavengers.  The  present  report  introduces  ‘XAL’.  an  optimized  and 
potentially  advantageous  addition  to  this  repertoire  of  methods. 

Results  and  Discussion 

The  5-(9-Fmoc-aminoxanthen-2-oxv)valeric  acid  handle  is  prepared  in  overall 
4()fr  yield  by  an  efficient  4-step  route  starting  from  2-hydroxvxanthone  (Fig. 
1).  The  key  final  step,  acid  treatment  of  a  relatively  unstable  xanthydrol  and 
trapping  of  the  resultant  carbonium  ion  with  Fmoc-amide,  requires  careful 
attention  to  conditions  in  order  to  avoid  dimerizations,  disproportionations, 
and  other  side  reactions. 

The  XAL  handle  is  compatible  with  the  deprotection/coupling  cycles  for 
elongation  of  chains  by  Fmoc  chemistry.  Both  standard  polystyrene  and  the 


Fis;.  I.  Preparation  ot  Fmoc-XAL  handle. 
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novel  polyethylene  glycol-polystyrene  graft  supports  can  be  used,  with  intro¬ 
duction  of  Fmoc-XAL  (1.5  eq.)  onto  amino-functionalized  supports  (1  eq.) 
conveniently  carried  out  by  application  BOP/HOBt/NMM  (1 .5  eq.  each)  in  DMF, 
24  h,  25°C.  Cleavage  of  the  xanthenylamide  anchor  occurs  at  trifluoroacetic 
acid  (TFA)  concentrations  (-5-25%,  v/v)  which  are  lower  than  those  required 
to  effect  cleavage  of  PAL  [1];  it  is  possible  to  achieve  high-yield  release  of  peptides 
from  the  support  with  partial  retention  of  side-chain  /erf-butyl  protection,  with 
complete  deprotection  occurring  at  higher  acid  (TFA)  concentration. 

Two  stringent  tests  have  been  carried  out  to  evaluate  the  usefulness  of  the 
XAL  approach: 

1.  CCK-8  sulfate  (H-Asp-Tvr(SOtH)-Met-Gly-Trp-Met-Asp-Phe-NH j 

The  first  six  residues  were  introduced  onto  Fmoc-XAL-PEG-Nle-MBHA-PS 
supports  (0. 1-0.2  mmol/g)  by  DIPCDI-mediated  couplings.  Next,  Fmoc- 
Tyr(SOj“)-OH  ■  1/2  Ba2+  (5  eq.)  was  introduced  using  BOP  (5  eq.),  HOBt  (10 
eq.)  and  NMM  (15  eq.)  in  DMF,  1  h,  25°C.  Additional  reactions  removed  Fmoc, 
added  Fmoc-Asp(0/Bu)-OH  (DIPCDI  method),  and  removed  Fmoc.  Cleavage 
with  TFA-CH2Cl2-/3-mercaptoethanol-anisole  (50:45:3:2),  15  min,  25°C,  oc¬ 
curred  in  90%  yield,  and  represented  the  optimal  compromise  between  acid 
catalyzed  sulfate  loss  and  incomplete  deprotection.  The  desired  product  repre¬ 
sented  -70%  of  the  total  peptide  material  with  10%  being  unsulfated  CCK- 
8,  and  20%  being  CCK-8  sulfate  with  one  or  the  other  of  the  aspartates  retaining 
r-butyl  side-chain  protection. 

2.  Tabanus  adipokinelic  hormone  (pGlu-Leu-Thr-Phe-Thr-Pro-Gly-Trp-NHi) 

The  synthesis  of  this  peptide  was  reported  earlier  on  PAL- PS  supports  [1]; 

the  C-terminal  Trp  residue  is  prone  to  serious  alkylation  side  reactions  which 
reduce  either  the  purity  of  the  released  peptide  and/or  the  yield  of  cleavage 
(alkylated  by-product  retained  on  support).  Starting  with  either  Fmoc-XAL- 
Nle-PEG-MBHA-PS  (0.1  mmol/g)  or  Fmoc-XAL-Nle-MBHA  (0.46  mmol/g) 
supports,  the  model  peptide  was  synthesized  and  obtained  in  high  purity  (HPLC) 
and  overall  cleavage  yields  (86-92%).  Cleavage/deprotection  was  in  two  stages: 
TFA-CH2C12  (1 : 19),  1  h,  25°C,  followed  by  filtration  and  addition  of  neat  TFA 
to  bring  the  overall  filtrate  to  TFA-CH2C12  (1:1),  1  h,  25°C.  Cleavage  yields 
and  purities  did  not  depend  on  the  presence  [i.e.,  dilute  Reagent  R:  TFA-CH2C12- 
thioanisole-l,2-ethanedithiol-anisole  (5 :  85  : 5  :  3  : 2)]  or  absence  of  scavengers.  By 
comparison,  cleavage  of  PAL  with  ‘standard’  Reagent  R  (TFA  90%  v/v, 
scavengers  in  same  volume  ratios)  provided  lower  yields  of  the  desired  peptide 
(40-55%),  with  the  remainder  of  peptide  material  being  released  or  resin-bound 
Trp  alkylation  by-products  [1], 
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Introduction 

The  success  of  SPPS  of  a  long  biopolymer  may  depend  on  the  physical  and 
mechanical  properties  of  the  insoluble  polymeric  support.  Beginning  in  1985 
[1],  we  have  developed  procedures  for  the  preparation  of  a  variety  of  polyethylene 
glycol-polystyrene  (PEG-PS)  graft  supports  of  defined  and  reproducible  structure, 
and  started  a  program  to  evaluate  systematically  their  appropriateness  to  difficult 
problems  in  peptide  and  DNA  synthesis.  Parallel  work  based  on  different 
chemistry  (polymerization  of  ethylene  oxide  onto  PS  containing  a  suitable 
initiator)  has  been  pursued  since  1983  by  Bayer  and  Rapp  rT]. 

Results  and  Discussion 

The  grafting  step  for  preparing  a  range  of  PEG-PS  graf  t  supports  is  the  covalent 
attachment  of  several  different  carboxyl  group-containing  PEG  derivatives  of 
molecular  weight  600-4000  to  amino-functionalized  poly(styrene-co-l%  divinyl- 
benzene).  With  carbodiimide/HOBt  or  BOP/HOBt/DlEA  activation  in  DMF- 
CH2Cl2  mixtures,  these  coupling  reactions  proceed  essentially  to  completion. 
Commercially  available  PEG  starting  materials  are  either  monfunctional  or 
homobifunctional,  with  methoxy,  hydroxyl,  or  amino  (Texaco  JEFFAMINE™ 
series)  end-groups.  Carboxyl  end-groups  are  established  readily  by  the  clean 
reactions  of  amino  groups  with  a  variety  of  anhydrides  (e.g.,  succinic,  maleic, 
glutanc)  or  by  reaction  sequences  of  hydroxyl  groups  first  with  ethyl  bromo- 
acetate.  4-bromovalerate,  or  isocyanatoacetate,  followed  by  saponification. 
Hydroxyl  groups  can  also  be  converted  to  amino  groups  in  three  steps  via  a 
tosylate  or  mesylate,  which  is  reacted  with  azide  and  then  hydrogenolyzed.  In 
one  variation,  a  homobifunctional  PEG  starting  material  is  derivatized  partially 
at  one  key  step  (all  other  reactions  conducted  quantitatively),  and  ion-exchange 
chromatography  resolves  the  desired  heterobifunctional  PEG  (e.g.  A^-Boc  or 
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Fmoc-PEG-acid)  coupled  onto  amino-PS,  and  deprotected.  Circumventing  the 
need  for  a  chromatography  step,  a  PEG-diacid  can  be  added  to  amino-PS;  cross- 
linking  occurs  but  at  a  manageable  level.  The  pendant  carboxylic  acid  end- 
group  of  these  PEG-PS  intermediates  is  converted  to  an  amino  group  by  a 
coupling  reaction  with  ethylenediamine;  specifically  in  the  maleoyl  series,  selective 
acid  hydrolysis  also  releases  an  amino  end  group.  Much  less  satisfactory  is  the 
reciprocal  approach  of  coupling  a  PEG-diamine  to  a  carboxv-derivatized  PS. 
In  a  final  set  of  variations,  an  iV’-Fmoc,  A^-Boc-Orn-PS  resin  (or  a  permutation 
on  this  theme)  is  deblocked  selectively,  and  a  monofunctional  PEG-acid  is  coupled 
on  to  form  a  branch  orthogonal  to  the  ultimate  direction  of  biopolymer  chain 
growth.  This  ensemble  of  routes  to  PEG  derivatives  and  further  to  PEG-PS 
graft  supports  includes  several  that  are  economical  and  simple  to  carry  out  (in 
some  cases,  one-pot  reactions),  as  well  as  commercially  viable.  A  range  of  supports 
can  be  obtained,  which  comprise  20  to  70  weight  %  of  PEG  and  have  substitution 
levels  of  0. 1-0.4  mmol/g. 

The  PEG-PS  supports  swell  appreciably  in  a  range  of  solvents  which  are  useful 
for  the  stepwise  assembly  of  biopolymers,  with  little  change  in  these  properties 
occurring  during  the  course  of  chain  assembly.  A  quantitative  comparative  study 
on  a  number  of  parent  resins  and  protected  peptide-resins  [3]  revealed  that  PEG- 
PS  may  have  near  optimal  solvation  behavior  for  peptide  synthesis.  From  the 
practical  point  of  view.  PEG-PS  may  be  used  in  either  continuous  flow  reactors 
(with  negligible  back-pressures,  in  contrast  to  PS)  or  in  the  batchwise  mode. 

The  general  value  of  PEG-PS  was  demonstrated  by  syntheses  of  numerous 
lengthy  and  especially  difficult  sequences  by  Fmoc  chemistry;  these  included 
the  parent  molecule  and/or  analogs  of  calcitonin,  cecropin,  and  ovine  corti¬ 
cotropin  releasing  factor.  This  range  of  complex  biomolecules  has  been  extended 
to  several  DNA  sequences  (-20  bases)  prepared  by  H-phosphonate  chemistry 
[4],  Coupling  efficiencies  and  purities  were  comparable  to  those  obtained  on 
controlled  pore  glass.  The  higher  capacity  of  PEG-PS,  combined  with  its  greater 
suitability  for  batchwise  operation,  has  important  implications  in  large-scale 
syntheses  of  modified  nucleic  acids  for  anti-sense  applications.  We  speculate 
that  the  improvements  which  are  observed  in  syntheses  of  peptides  that  are 
performed  with  PEG-PS  result  primarily  from  solvation  and  environment  effects, 
rather  than  from  a  spacer  arm  effect. 
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Introduction 

Despite  considerable  recent  progress  for  stepwise  SPPS  under  mild  conditions 
using  the  base-labile  Fmoc  protecting  group,  there  is  to  date  no  entirely 
satisfactory  general  strategy  for  protection  of  the  sulfhydryl  function  of  cysteine 
(reviewed  in  [1]).  For  each  of  the  principal  available  groups,  S-acetamidomethyl 
(Acm),  S-triphenylmethyl  (trityl,  Trt),  and  S-/m-butylsulfenyl,  problems  have 
been  noted  on  occasion  at  the  steps  for  anchoring,  chain  elongation,  deblocking 
to  the  free  thiol,  or  direct  oxidation  to  form  disulfides.  The  question  of  proper 
cysteine  residue  management  is  of  special  importance  for  experiments  directed 
at  controlled  syntheses  of  peptides  containing  two  or  more  disulfide  bonds.  We 
report  here  on  the  preparation  and  applications  of  two  new  acid-labile  protecting 
groups,  which  may  offer  some  advantages  for  Fmoc  SPPS  of  cysteine-containing 
peptides. 

Results  and  Discussion 

The  5'-2,4,6-trimethoxybenzyl  (Tmob)  group  can  be  introduced  onto  sulfhydryl 
functions  from  the  corresponding  alcohol,  with  acid  catalysis,  and  is  in  turn 
removed  rapidly  by  treatment  with  30%  TFA-CH2CI2  in  the  presence  of  phenol, 
thioanisole,  and  water  (5%  each),  or  5%  TFA-CH2CI2  in  the  presence  of  3% 
triethylsilane  or  tri(/jo-propyl)silane.  The  scavengers  are  necessary  to  prevent 
reattachment  of  Tmob  onto  the  sulfhydryl.  The  5-4,4',4'-trimethoxytriphenyl- 
methyl  (TMTr)  group  can  be  introduced  using  the  corresponding  chloride  under 
basic  conditions  and  is  rapidly  removed  by  treatment  with  1%  TFA-CH2CI2. 
Both  Tmob  and  TMTr  were  added  onto  free  cysteine,  and  subsequent  treatment 
with  Fmoc-succinimide  gave  the  appropriate  derivatives  suitable  for  use  in  SPPS. 

1.  Pentagastrin  analog:  H-Trp-Met-Asp-Phe-Cys-NH2 

This  target  incorporates  the  challenging  tetragastrin  sequence  added  onto  a 
protected  cysteine  which  is  required  to  survive  four  cycles  of  amino  acid 
incorporation.  Cysteine  was  blocked  with  Tmob,  and  in  a  parallel  experiment. 
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with  Trt.  In  each  case,  aspartic  acid  was  protected  as  its  rer/-butyl  ester,  whereas 
methionine  and  tryptophan  were  unprotected.  Chain  assembly  was  carried  out 
on  an  automated  continuous-flow  synthesizer,  using  a  novel  polyethylene  glycol- 
polystyrene  (PEG-PS)  graft  support  [2],  a  ‘PAL’  handle  for  establishing  the 
C-terminal  peptide  amide  [3],  and  standard  Fmoc  protocols.  Amino  acid  analyses 
on  both  peptide-resins  agreed  with  theory.  Cleavages  carried  out  under  two 
sets  of  conditions:  TFA-CH2Cl2-anisole-/3-mercaptoethanol  (70:25:3:2),  1  h. 
25°C,  and  TFA-CH2Cl2-phenol-thioanisole-water  (70:15:5:5:5).  1  h.  25°C. 
showed  that  the  material  synthesized  with  Tmob  had  substantially  improved 
purity  (HPLC)  with  respect  to  the  material  made  with  Trt. 

2.  Oxytocin:  H-Cys- Tyr-Ile- Gin- A sn-Cys-Pro-Leu-Gly-NH 2 
Solid-phase  synthesis  of  the  bis(Tmob)-nonapeptide-PAL-MBHA-PS  and  the 
bis(TMTr)-nonapeptide-PAL-MBHA-PS  resins  proceeded  smoothly,  with  tyro¬ 
sine  protected  as  its  rm-butyl  ester  and  side-chain  unprotected  asparagine  and 
glutamine  incorporated  as  the  pentafluorophenyl  esters.  Acidolytic  deblocking 
of  Tmob,  concurrent  to  cleavage  from  the  support,  with  TFA-CH2Cl2-anisole 
(8  :  1 :  1),  2  h,  25°C,  provided  crude,  reduced  oxytocin  (85%  purity,  HPLC).  Best 
yields  (45-65%)  of  monomeric,  oxidized  oxytocin  were  achieved  by  treating  the 
peptide-resins  with  thallium  (III)  trifluoroacetate  ( 1-2  eq.)  in  DMF-anisole  (20 :  1), 
prior  to  release  of  the  chains  from  the  support. 

The  TMTr  group  was  designed  to  allow  selective  generation  of  free  cysteine 
residues  (for  subsequent  transformations)  while  retaining  peptides  on  the  resin. 
Treatment  of  the  bis(TMTr)  peptide-resin  with  TFA-CH2Cl2-anisole  (1 :  17:2), 
2x5  min,  followed  by  cleavage/deprotection  with  TFA-CH2Cl2-anisole  (8:1:1), 
2  h,  25°C,  provided  crude  reduced  oxytocin  (-93%  purity,  HPLC).  Oxidation 
of  the  deprotected  oxytocin-resin  under  a  variety  of  conditions  gave  results 
comparable  to  Tmob  (this  study)  and  Acm  [1].  Of  particular  promise  for  mild 
oxidation  is  CC1„-ElN  (5  eq.  each)  in  2-methylpyrrolidinone,  4  h,  25°C.  building 
on  a  literature  precedent  in  solution  [4], 
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introduction 

Convergent  SPPS  in  which  the  peptide  fragments  are  both  synthesized  and. 
alter  purification,  coupled  together  on  the  solid  support  promises  to  be  a  highly 
versatile  approach  to  the  synthesis  of  high  molecular  weight  or  small  proteins. 
Detaching  the  protected  peptide  from  the  resin  must  take  place  in  quantitative 
yield  and  without  racemizatio'-  or  loss  of  side-chain  protecting  groups.  Finally 
the  method  must  yield  mmolar  quantities  of  protected  peptide  fragments.  The 
majority  of  Boc/Bzl-protected  peptides  prepared  in  our  laboratory  were  syn¬ 
thesized  using  the  nitrobenzamidobenzvl-(Nbb)-resin  (1)  [I],  However,  the 
cleavage  yields  are  often  far  from  quantitative  especially  when  larger  amounts 
ot  resin  are  used.  We  have  studied  the  use  of  the  allvl  handles  [4-bromocrotonic 
acid  (2)  and  4-trityloxv-Z-but-2-envloxv  acetic  acid  (3)]  [2.3  j  both  of  which  allow 
the  cleavage  of  the  protected  peptide  utilising  Pd(0)  in  the  presence  of  a  nucleophile 
and  also  the  base-labile  2-(2-nitrophenvl)ethyl  (NPE)  (4)  linkage  [4],  We  focus 
on  the  synthesis  ot  the  peptide  Boc-Leu-Thr(Bzl)-Glu(OcHex)-Lys(ClZ)-Ile-Val- 
Lvs(ClZ)-Ser(Bzn-Pro-OH  uteroglobin  (59-67)  and  detachment  of  the  protected 
peptides. 

Results  and  Discussion 

The  relevant  handle  was  attached  to  an  aminomethyl  resin  containing  nor- 
leucine  as  an  internal  standard.  In  each  separate  synthesis  all  amino  acids  were 
attached  by  a  standard  coupling  cycle  except  for  the  first  (Boc-Pro-OH)  which 
for  resins  (1)  and  (2)  was  attached  using  the  cesium  salt  procedure  and  for 
resins  (3)  and  (4)  was  attached  using  DCC/DMAP.  The  third  amino  acid  [Boc- 
Lys(ClZ)-OH]  was  incorporated  into  resin  (1)  using  our  own  method  for 
suppressing  DKP  rormation  [5], 

For  (I)  we  obtain  a  photolvtic  cleavage  yield  of  75%.  In  model  studies  of 
the  cleavage  of  the  peptide  Boc-Vai-GIy-Ala  Leu-OH  with  handles  (2)  and  (3). 
we  obtain  higher  yields  bv  carrying  out  the  cleavage  in  the  presence  of  a  proton 
source  rather  than  under  anhydrous  conditions  followed  by  an  acidic  aqueous 
work-up.  Best  results  are  obtained  by  carrying  out  the  cleavage  reaction  in  2  : 2 :  1 
THF/DMSO/O.5  M  HC1.  using  morpholine  (50  eq.  relative  to  the  allvl  sub¬ 
stitution)  as  nucleophile  and  Pd(Ph,P)4  as  catalyst.  The  performance  of  handles 
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(2)  and  (3)  is  very  similar  with  both  Boc-Val-GIy-Ala  Leu-OH  and  Boc- 
Leu-Thr-(Bzl)-Glu(OcHex)-Lys(ClZ)-IIe-Val-Lys(ClZ)-Ser(Bzl)-Pro-OH.  cleav¬ 
age  yields  of  more  than  90%  being  achieved  with  both  handles.  For  (4)  exposure 
to  20%  piperidine  in  DMF  for  60  min,  followed  by  an  aqueous  work-up  gives 
yields  of  protected  peptides  superior  to  90%.  The  side-chain  protecting  groups 
in  a  Boc/Bzl-  strategy  can  be  chosen  so  as  to  be  completely  stable  to  this  cleavage 
reaction.  All  yields  were  calculated  by  AAA  of  the  resin  hydrolysate  after  cleavage 
with  reference  to  norleucine.  The  crude  peptides  were  purified  by  reverse-phase 
MPLC  [6]. 

These  results  show  that  these  handles  are  valuable  alternatives  to  the  photolabile 
Nbb-resin  for  the  preparation  of  protected  peptides  in  very  high  yields  and  purity. 
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Introduction 

Phosphorous  peptidomimetic  compounds,  in  comparison  to  the  corresponding 
bioactive  peptides,  usually  exhibit  higher  potency,  selectivity  and  longer  duration 
ot  activity.  This  class  of  compounds  is  known  to  exert  inhibitory  effect  on  a 
wide  variety  of  enzymes.  The  depressant  co-phosphonic  a-carboxvlic  amino  acids 
block  the  excitatory  transmitter  binding  in  the  central  nervous  system  [1]. 

Phosphonic  (phosphinic)  analogs  of  the  two  dicarboxylic  amino  acids  (Asp, 
Glu)  have  not  been  frequently  incorporated  into  peptide  chains  because  of  the 
difficulties  often  encountered  in  their  synthesis.  Optically  active  products  need 
laborious  asymmetric  synthetic  routes.  In  our  on-going  efforts  [2]  to  use  naturally 
occurring  amino  acids  as  starting  materials,  we  have  developed  a  two-step  method 
for  the  synthesis  of  ou-phosphono-a-amino  carboxylic  acids  starting  from  serine, 
cysteine  or  methionine  derivatives. 


Method  A 


CbzSerPheOMe 

AcCt 


Method  B 


CbzNHCHCOPheOMe  *~  NaPO(OMe)^  NH2CHCOPheOMe 
I  2.  HBr/AcOH  | 

CH2-C1  CH2-PO(OH)2 

Aspartame1*® 


A-NH-tpi-COOR* 
(CH2)n  - 
S-R2 


+  CI2 


A-NH-CH-COOR1 

I 

(CH2)n 

CI-S*  C1 
I 

R 


A  =  Cbz,  Pht;  n  =  1,  2 
R 1  =  Me,  Et 
R2  =  H,  CH3,  Acm 


A-NH-CH-COOR* 

(CH2,n 

Cl 

|  NaPCKOEth 

A-NH-CH-COOR* 

(CH2)n 

0=P(0Et)2 


Pig-  l-  Conversion  of  some  ammo  acid  side  chains  into  phosphonate  groups. 
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Table  1  Conversion  of  amino  acids  and  peptides  into  their  phosphorous  derivatives 


Starting  compouds 

Method 

Products 

Yield  % 

1 

Cbz-Met-OEt 

B 

Cbz-Glup*'>',(Me)(OEt)OEt 

57 

2 

Pht-Ser-OMe 

A 

Pht-Asp^OEt^OMe 

71 

3 

Cbz-Ser-Phe-OMe 

A 

Cbz-AspfW(OEt)2PheOMe 

65 

4 

Cbz-Cys(Trt)-Phe-OMe 

B 

Cbz-AspW(OEt)2PheOMe 

38 

5 

cyclo(Ser-Ser) 

A 

cyclo[Aspp,^(OEt)2]2 

72 

6 

PhtAla-Met-GlyOBzl 

B 

PhtAlaGlup<v»(OEt)2GlyOBzl 

44 

Results  and  Discussion 

Amino  acids  containing  hydroxyl,  thiol  or  sulfide  side  chain  groups  were 
converted  first  to  the  corresponding  halogenated  derivatives  and  then  to  the 
phosphonic  (phosphinic)  analogs  by  an  Arbuzov  reaction.  Serine  or  peptides 
containing  serine  residues  can  be  converted  to  the  corresponding  /Tchloroalanine 
unit  [3]  using  PC15  (Fig.  1;  Method  A). 

For  chlorination  of  sulfur  containing  amino  acid  (Cys,  Met)  derivatives, 
chlorine  gas  was  used  at  low  temperature  <  -20°C  (Fig.  1)  [4].  The  reaction 
proceeds  thro^h  a  sulfonium  intermediate  to  afford  2-amino-3-chloropropionic 
acid  and  2-amino-4-chlorobutanoic  acid  derivatives  (Fig.  1;  Method  B).  Several 
peptides  have  been  also  subjected  to  this  chlorination  reaction  (Table  1). 

The  reaction  conditions  for  introduction  of  the  phosphorous  moiety  with 
triethylphosphite  (TEP)  or  with  sodium  diethylphosphite  were  optimized  by 
studying  the  effect  of  solvents  (DMF,  THF,  dioxane  and  TEP)  and  temperature. 
The  reaction  yields  at  100°C  in  DMF  and  TEP  were  practically  quantitative 
but  the  products  were  optically  inactive.  The  racemization  could  be  avoided 
by  using  sodium  diethylphosphite. 

Synthesis  of  protected  phosphinothricin  [5]  (1  in  Table  1)  demonstrates  the 
conversion  of  methionine  to  the  phosphinic  analog  of  glutamic  acid.  The  utility 
of  this  methodology  was  demonstrated  by  preparing  an  aspartame  analog  [6] 
starting  with  Cbz-Ser-Phe-OMe  and  Cbz-Cys(Trt)-Phe-OMe. 
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Introduction 

Thiazole  amino  acids  5,  in  both  R  and  S  configurations,  have  been  shown 
to  occur  in  a  variety  of  marine  natural  products  including  the  dolastatins, 
ulicyclamide,  and  patellamides  [1],  Interest  in  this  class  of  compounds  has 
developed  as  a  result  of  their  potent  cytotoxic  activity  [1]. 

Results  and  Discussion 

Several  groups  have  undertaken  the  synthesis  of  thiazole  amino  acids,  using 
different  strategies  to  obtain  optically  pure  products  with  varying  degrees  of 
success  [2].  As  an  extension  of  our  investigation  of  azole  dipeptide  mimetics 
[3]  we  have  developed  a  synthesis  of  5-H  thiazole  amino  acids  which  proceeds 
with  essentially  complete  retention  of  configuration  (Fig.  1).  We  attribute  the 
low  degree  of  racemization  observed  in  this  synthesis  to  the  facile  dehydration 
of  the  intermediate  5-hydroxythiazoline-4-carboxylate  compared  with  the  more 
stable  4-hydroxythiazoline-4-carboxylate  intermediate  associated  with  the 
Hanzsch  syntheses  [2], 

The  protected  vinyiglycine  was  prepared  from  methionine  as  described  by 
Rappaport  and  Afzali-Ardakani  [4].  Deprotection  using  37%  HBr/HOAc  fol¬ 
lowed  by  evaporation  of  solvents  and  trituration  in  ether  yielded  a  pure  solid 


/ 

s 


1.  NalO,,  Kugelrohr  distillation  2.  HBr/HOAc  3.  CBZ-AA-OCOOiBu/NMM/THF 
4.  Oj/CHjCIj/CHjOH  S.  P4S10/pyridine 

Fie  /.  Synthesis  of  thiazole  amino  acids. 
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product  1.  The  hydrobromide  was  acylated  with  mixed  anhydrides  derived  from 
Z-protected  a-amino  acids  in  THF  at  -25°C  under  N2  to  yield  dipeptides  2 
after  extractive  workup  and  crystallization  from  methylene  chloride/hexanes. 

Ozonolysis  of  the  dipeptides  in  methylene  chloride  containing  10%  methanol 
followed  by  reduction  of  the  hydroperoxide  with  methyl  sulfide  yielded  inter¬ 
mediates  which  were  immediately  treated  with  one  molar  equivalent  of  P2S5 
in  pyridine  at  steambath  temperature  for  18  h.  Concentration  in  vacuo  and 
flash  chromatography  on  silica  gel  using  ethyl  acetate/hexanes  (1  :  1)  as  eluant 
yielded  crude  protected  thiazole  amino  acids  5  which  were  analyzed  for  optical 
purity. 

We  used  THF  as  solvent  for  the  thionation  reaction  in  our  first  attempts 
to  achieve  the  synthesis  of  these  intermediates.  Although  the  chemical  yields 
of  desired  products  were  good  to  excellent,  we  observed  racemization  to  the 
extent  of  10-30%,  depending  on  side  chain.  Pyridine  was  employed  to  maintain 
basic  reaction  conditions  since  it  is  likely  that  racemization  occurs  when  the 
intermediate  5-hydroxythiazoline  4  is  in  the  protonated  form  [5].  Thionation 
requires  more  vigorous  conditions  in  the  presence  of  pyridine,  however  the 
chemical  and  optical  yields  of  thiazole  amino  acids  5  are  both  excellent. 

Taking  the  enantiomeric  pair  where  R,  or  R2  =  methyl  as  an  example,  the 
crude  yields  before  crystallization  were  91%  and  92%,  respectively,  for  the  R 
and  S  isomers  over  the  ozonolysis/thionation  sequence.  The  optical  purity  of 
the  resulting  material  was  greater  than  99%  in  each  case  as  determined  by  HPLC 
using  an  isocratic  9 :  1  mixture  of  hexanes  and  isopropanol  on  a  Bakerbond 
Chiral  DNBPG  column  and  detection  at  254  nm. 

We  have  described  a  general  and  efficient  synthesis  of  5-H  thiazole  amino 
acids.  When  the  thionation/cvclization  step  is  carried  out  using  pyridine  as 
solvent,  optical  purity  of  the  resulting  products  is  excellent.  The  ease  with  which 
the  synthesis  can  be  performed  should  make  this  an  attractive  alternative  to 
other  approaches  in  the  synthesis  of  thiazole  amino  acids. 

References 

1.  Hamada.  Y.,  Shibata,  M.,  Sugiura.  T..  Kata.  S.  and  Shiori.  T..  J.  Org.  Chem..  52(1987)252. 

2.  Brenenkamp,  M.W.,  Holzapfel,  C.W.  and  van  Zvl.  W.J.,  Synth.  Comm..  20(1990)2235. 

3.  Gordon.  T.D..  Hansen.  P.E.,  Morgan.  B.A.  and  Singh,  J.,  In  Rivier.  J.E.  and  Marshall.  G.R. 
(Eds.)  Peptides:  Chemistry,  Structure  and  Biology  (Proceedings  of  the  11th  American  Peptide 
Symposium).  ESCOM.  Leiden,  1990.  pp.  680-681. 

4.  Afzali-Ardakam,  A.  and  Rapaport,  H  .  J.  Org.  Chem..  45(1980)4817. 

5.  Schmidt,  U..  Gleich,  P,.  Griesser.  H.  and  Utz.  R..  Synthesis.  ( 1986)992. 


612 


Deprotection  of  Arg(Pmc)  containing  peptides  using 
TFA  -  trialky lsilane  -  methanol  -  EMS:  Application 
to  the  synthesis  of  a  prepeptide  of  nisin 


Weng  C.  Chan  and  Barrie  W.  Bycroft 

Department  of  Pharmaceutical  Sciences,  University  of  Nottingham.  University  Park. 

Nottingham  NG7  2RD.  U.K. 


Introduction 

SPPS  utilizing  N“-Fmoc  protection  allows  the  simultaneous  cleavage  of  the 
peptide  from  the  resin  support  as  well  as  the  amino  acids  protecting  groups 
with  trifluoroacetic  acid  (TFA)  [1,2].  This  orthogonal  methodology  is  further 
enhanced  by  the  use  of  Pmc  and  Trt  protecting  groups  for  Arg  [3]  and  His 
[4],  respectively.  However,  during  TFA  cleavage  of  Arg(Pmc)  and  His(Trt) 
containing  peptides,  highly  reactive  species  are  generated  which  in  turn  modify 
susceptible  side  chains  (e.g.,  Lys,  Met,  Tyr  and  Trp). 

The  transfer  of  the  Pmc  group  to  the  indole  moiety  of  Trp  in  the  assembled 
peptide  during  TFA  treatment  presents  a  continuing  problem.  This  undesirable 
reaction  can  be  suppressed  to  some  extent  by  the  use  of  water  and  ethanedithiol 
(EDT)  as  scavengers  [5,6].  We  report  herein  the  effectiveness  of  a  TFA 
deprotection  cocktail,  which  utilizes  trialkylsilane  and  methanol. 

Results  and  Discussion 

SPPS  were  carried  out  on  an  automated  PepSynthesizer  9050.  The  4-hydroxv- 
methylphenoxymethyl  (HMP)  derivatized  polyamide/kieselgur  resin  (Ultrosyn 
A)  (-0. 1  mmol/g)  was  employed,  and  acylation  was  carried  out  with  either  Fmoc- 
Xaa(R)-OPfp :  HOBt  or  Fmoc-Xaa(R)-OH  :  HOBt :  HBTU:  DIPEA  in  4  times 
excess  for  45  to  150  min.  Synthetic  peptides  were  analyzed  using  either  a  Kromasil 
C8  or  Vydac  Cig  column  with  0.06%  aqueous  TFA/acetonitrile  gradient  elution. 

Recently,  Pearson  and  his  co-workers  [7]  showed  that  trialkylsilane  is  an 
effective  scavenger  for  trityl  and  tert-butyl  cations,  and  was  successfully  used 
in  the  TFA  deprotection  of  a  synthetic  peptide.  The  trialkylsilane  functions  as 
a  hydride  donor,  converting  the  carbocations  to  triphenylmethane  and  tert- 
butane.  Using  His(Trt)-Ala-Ser(/Bu)-Ala-Arg(Pmc)-Ile-Ala-Cys(Acm)-Lys(Boc)- 
HMP  resin,  we  observed  that  the  quality  of  the  crude  peptide  following 
deprotecting  with  TFA,  97 :  triethyisilane,  3%  is  greatly  improved  by  the  addition 
of  methanol.  The  Cys  S-Acm  protection  was  found  to  be  intact,  and  no  Lys 
side-chain  modification  by  Pmc  was  observed.  It  is  speculated  that  the  methanol 
functions  as  an  irreversible  scavenger  for  the  highly  reactive  Pmc-sulphonvl  cation 
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or  its  equivalent  (i.e.,  the  mixed  anhydride  of  Pmc-sulphonic  acid  and  TFA). 
This  hypothesis  was  confirmed  by  the  isolation  of  Pmc-sulphonyl  methyl  ester 
(Pmc-OMe)  and  its  characterization  by  'H  NMR  [(CDC13),  61.33  (s,  (C//3)2), 
1.84  (t,  C H2),  2.14,  2.52,  2.55  (3xs,  3xC H}),  2.66  (t,  CH,\  3.69  (s,  O CHf)] 
and  EI-MS. 

The  effectiveness  of  this  scavenger  cocktail  in  preventing  the  modification 
of  Trp  by  the  Pmc  group  was  assessed  in  the  following  way.  Deprotection/ 
cleavage  of  a  Trp-Arg(Pmc)  containing  model  peptide  Thr(/Bu)-Trp-Arg(Pmc)- 
Phe-Ala-Ser((Bu)-Leu-Arg(Pmc)-Ile-Ala-Cys(Acm)-Ile  was  successfully  achieved 
with  the  cocktail  TFA,  87  :  MeOH,  10:EMS.  3  :  triisopropylsilane  (TIS),  15  eq. 
RPHPLC  analysis  of  the  crude  product  shows  primary  one  peak,  at  15.2  min. 
which  proved  to  be  the  desired  peptide  (FABMS.  MH+  found  1508.7,  requires 
1508.8;  7max  276  nm).  The  HPLC  profile  of  the  crude  material  obtained  with 
TFA,  89 :  H20,  5  :  EDT,  3  :  EMS,  3%  was  observed  to  be  slightly  inferior,  showing 
the  presence  of  -20%  of  a  lxp(Indole  C2-Pmc)-peptide  (FABMS,  MH+  1775.1; 
7m»x  257  and  282  nm)  eluting  at  23.1  min. 

Deprotection/cleavage  of  prenisirr23— '-Gly-Cys-Ala  [MSTKDFNLDLVSVS- 
KKDSGASPRGCA]  with  TFA,  90:  MeOH,  8  :  EMS,  2 :  triethylsilane,  60  eq. 
afforded  a  crude  peptide  with  >  80%  purity  [8]. 

These  results  clearly  demonstrates  that  EDT  can  be  replaced  by  triethyl-  or 
triisopropylsilane,  and  the  efficient  scavenging  of  Pmc-sulphonyl  by  methanol. 
The  side-products  arising  from  the  TFA-cocktail  deprotection  are  either  volatile 
(/m-butane  and  triethylsilyl  trifluoroacetate)  or  readily  removed  by  ether 
trituration  (triphenylmethane  and  Pmc-OMe)  of  the  crude  peptide. 
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Introduction 

Peptide  segment  coupling  remains  an  exciting  challenge  in  the  convergent 
peptide  synthesis  strategy  which  is  industrially  attractive.  However,  very  few 
chemical  methods  are  devoid  of  racemization  during  the  carboxylic  group 
activation  of  the  N-terminal  moiety;  moreover,  functionalized  side  chains  have 
to  be  kept  protected. 

Enzymatic  approach  using  endoproteases  may  be  an  alternative  so  long  as 
secondary  hydrolysis  is  prevented.  For  that  purpose,  the  biocatalysis  has  to  be 
performed  in  nearly  anhydrous  medium.  Polyethylene  glycol(PEG)-modified 
enzymes  become  soluble  in  organic  solvents  and  generally  are  still  active  [1]. 
a-Chymotrypsin  modified  on  its  «-NH2  lysyl  groups  by  succinimidyl  O-carboxy- 
methyl-PEG-O-methyi  (MW  =  5  kDa)  catalyzes  peptide  condensation,  leading 
for  example  to  Boc-Leu-enkephalinamide  [2], 

In  order  to  improve  this  process,  enzyme  fixation  into  a  polymer  matrix  was 
achieved  after  copolymerization  of  acrylic  derivatives  of  both  the  a-chymotrypsin 
molecules  (grafted  on  e-NH2  Lys)  and  the  PEG  chains.  Preparation  and  repeated 
utilization  of  the  resulting  gel  were  optimized  [3].  Previously,  AcTyrLeuNH: 
synthesis  was  developed  as  a  model,  and  we  now  report  other  examples  illustrating 
the  utility  of  biocatalysis. 

Results  and  Discussion 

All  the  reactions  were  performed  in  t-amyl  alcohol  containing  water  (1%, 
w/w);  using  enzyme/substrate  ratio  0.1%,  acyl-donor/nucleophile  1/1  (otherwise 
stated  )  and  an  acyl  concentration  of  45  mM.  The  influence  of  several  structural 
factors  was  observed: 

The  nature  of  the  acyl  donor:  Ac-Tyr-OEt  is  the  best  one  (yield  98%,  24 
h),  modification  at  P,  and/or  P2  position  decreases  the  yield  of  AcPheOEt 
to  37%.  Using  slightly  activated  esters  (-OCam,  -OCamMe,  -OCH2  CFi, 
-OCH2  CN)  leads  to  a  noticeable  improvement  of  the  catalysis  (Ac-Phe- 
OCam,  yield  of  80%).  Moreover,  a  slight  nucleophile  excess  gives  better 
results  (the  yield  of  Boc-Tyr-Cam  increased  from  61%,  using  1  eq.,  to  98%. 
using  2  eq.  Leu-NH2). 

The  stereoselectivity:  Configuration  of  Praminoacid  must  be  l-.  Conversely, 
D-Leu  is  nearly  as  well  accepted  as  l-  at  F|  position. 
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Coupling  under  thermodynamic  conditions:  Ac-Tyr-OH  gives  the  dipeptide 
in  77%  yield  (30  h),  other  N-protected  residues  (Boc-Tyr-OH,  Ac-  or  Z- 
Phe-OH)  are  not  substrates.  That  would  explain  the  nearly  quantitative  yield 
observed  when  Ac-Tyr-OEt  is  the  starting  ester. 

Segment  coupling:  Several  tri-,  tetra-,  pentapeptides  were  prepared  in  good 
yield.  The  only  detected  side  products  were  always  formed  by  the  starting 
ester  hydrolysis  and  not  from  the  newly  formed  bond  or  from  sensitive 
bonds  already  present. 
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Introduction 

Design  and  synthesis  of  new  protecting  groups  and  reagents  in  peptide  chemistry 
is  a  tedious  and  time-consuming  work.  However,  if  the  reaction  mechanism 
of  a  simple  chemical  reation  is  known,  semiempirical  quantum  chemical  methods 
(MNDO,  AMI)  and  programs  (AMPAC,  MOPAC,  PcMOL)  are  suitable  for 
modeling  the  reaction  path  and  energy  profile  of  reactions  between  relatively 
small  molecules  (up  to  60  atoms).  We  have  found  that  it  is  enough  to  use  the 
Hess’s  law  for  enthalpy  calculations 

^■H0(pr0liucts)  —  £H<j(startjng  materials) 

in  the  case  of  designing  new  amide  protecting  groups  (anchor  molecules)  and 
guanylating  agents. 

Results  and  Discussion 

Modelling  of  the  acidolytic  cleavage  of  several  known  different  amide  protecting 
groups  resulted  in  an  exact  correlation  between  the  calculated  AH  values  and 
the  acid  lability  found  experimentally.  The  mechanism  of  acidolysis  of  the  amide 
protecting  groups  is  as  follows: 

OR  OR 

II  I  H+  ||  | 

Peptide— C—NH—CH  - *  Peptide— C— NH2  +  +  CH 

I  I 

R'  R' 


Enthalpy  calculations  with  Hess’s  law  gave  the  following  results  (Table  1). 

Experiments  with  the  different  protecting  groups  have  shown  that  the  lower 
the  AH  value  of  the  reaction,  the  higher  the  acid  lability  of  the  protecting  group. 

The  two  semiempirical  method  gave  only  slightly  different  values.  Calculations 
have  shown  a  relatively  big  difference  between  very  acid  labile  (TFA-cleavage: 
AH  <  160  kcal/ mol)  and  moderately  acid  labile  (only  HF-cleavage  possible)  amide 
protecting  groups.  On  the  base  of  this  correlation,  a  new  TFA-labile  anchor 
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Table  1  Enthalpy  values  of  different  leaving  (protecting)  groups 

Protecting  group  AH  value  in  kcal/mol 


AMI  MNDO 


2,4-dimethoxybenzyl- 

176.7 

173.6 

benzhydryl- 

175.6 

171.7 

4-methylbenzhydrvl- 

173.0 

170.8 

2,4,6-trimethoxybenzyl- 

171.1 

166.9 

2,4-dimethoxybenzhydryl- 

160.7 

156.9 

2,4,4'-trimethoxybenzhydrvl- 

158.8 

154.6 

2,2',4,4'-tetramethoxybenzhvdrvl- 

151.9 

149.3 

2,2',4-trimethoxy-4/-acetamido-benzhvdrvl- 

156.5 

156.2 

molecule  (4-succinylamido-2,2\4'-trimethoxybenzhydrylamine,  SAMBHA)  was 
designed  and  synthesized  [1,2]  (AH  =156.5  kcal/mol).  This  anchor  molecule 
was  coupled  to  aminomethyl-polystyrene  resin  and  the  resulting  new  matrix  was 
successfully  used  for  the  synthesis  of  acid  sensitive  polypeptide  amides  (caerulein, 
CCK-33)  with  Fmoc-chemistry.  We  concluded  that  AH  calculations  could  be 
the  simplest  and  shortest  way  to  choose  the  best  anchor  (linker)  molecule  from 
a  series  of  candidate  molecules. 

In  a  similar  way,  computer  analysis  was  used  for  the  guanidination  of  primary 
amines  with  different  guanidinating  reagents  [3],  Enthalpy  calculations  revealed 
an  exact  correlation  between  the  calculated  AH  values  and  the  reactivity  of 
known  guanidinating  agents:  O-methyl-isourea  (AH  =  14.3  kcal/mol) <S-meth- 
ylisothiourea  (AH  =  8.8  kcal/mol) <  l-guanyl-3,5-dimethylpyrazole  (AH  =  -32.6 
kcal/mol).  Applying  this  correlation,  3  new  guanidinating  agents  were  designed 
and  synthesized,  which  act  under  milder  reaction  conditions  (shorter  reaction 
time,  lower  pH,  no  racemization)  with  primary  amino  groups  than  the  known 
reagents.  Among  them  l-guanyl-4-nitropyrazole  proved  to  be  a  very  active  reagent 
(AH  =  -60.51  kcal/mol)  and  was  successfully  used  for  the  synthesis  of  homo¬ 
arginine  from  lysine. 
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Introduction 

Protein  kinases  and  phosphatases  play  an  important  regulatory  role  in  many 
cellular  processes  [1].  The  development  of  an  Fmoc-based  solid-phase  synthetic 
strategy  which  would  allow  the  synthesis  of  peptides,  specifically  phosphorylated 
on  Ser,  Thr  or  Tyr  is  thus  an  attractive  goal.  A  problem  in  this  area  is  the 
instability  of  alkyl  phosphates  to  organic  bases,  such  as  piperidine  [2],  a  problem 
also  shared  by  one  protected  derivative  of  tyrosine  [3].  A  more  promising  general 
method  is  the  phosphityiation  and  oxidation  method  of  Bannwarth  and  Trzeciak 
[4]  which  has  been  applied  to  SPPS  [2]  and  which  we  exemplify  here. 


Results  and  Discussion 

Peptides  4-6  (Fig.  1)  were  assembled  on  kieselguhr-polyamide  (0.1  mmol/g), 
functionalized  with  Nle  and  ALH.  Couplings  were  carried  out  using  active  esters 
or  in  situ  DIPC-mediated  HOBt  ester  formation.  The  low  reactivity  of  this 
chemistry  allowed  the  incorporation  of  Ser,  Thr  and  Tyr  without  side-chain 
protection.  All  acylation  reactions  were  real-time  monitored  using  the  Bioplus™ 
counterion  distribution  method  [5,6]  and  retrospective  deprotection  monitoring. 

Phosphityiation  of  the  Boc-end-capped  peptide-resin  (ca.  0.2  mmol)  was  carried 
out  using  bis(benzyloxy)(diisopropylamino)  phosphine  (2  mmol)  and  l//-tetrazole 
(8.6  mmol)  in  DMF  (10  ml)  at  room  temperature  for  1  h.  The  resin  was  washed 
with  DMF  and  oxidized  using  /erf-butyl  hydroperoxide  (8  mmol)  for  30  min. 

Peptide  4  was  cleaved  for  4  h  using  TFA/HjO;  peptides  5  and  6  were  cleaved 
overnight  using  TFA/phenol/H20.  Peptide  6  was  heated  overnight  at  37°C  with 
N-methylmercaptoacetamide  (2.5  ml)  to  regenerate  Met  *rom  Met(O). 


H-Asn-Gly-Asp-Phe-Glu-Glu-Ile-Pro-Glu-Glu-Tyr/,-Leu-OH  4 

H-Arg-Ile-Leu-Thr/5-Leu-Pro-Arg-Ser-Asn-Pro-Ser-OH  5 

H-Arg-Phe-Lys-Arg-SerP-Tyr-Glu-Glu-His-Ile-Pro-Tyr-Thr-His-Met-OH  6 

Fig.  I.  Sequences  of  peptides  4.  5,  and  6. 
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Table  1  Characterization  of  peptides  4,  5,  and  6 


Pep¬ 

tide 

Arg 

Asp 

Glu 

Gly 

His 

lie 

Leu 

Lys 

Met 

MetO 

Phe 

Pro 

Ser 

4 

1.98 

3.88 

1.07 

1.01 

1.03 

1.00 

1.01 

5 

2.00 

1.02 

0.98 

2.01 

2.14 

1.85 

6 

2.04 

2.01 

1.92 

0.93 

1.08 

0.97 

<0.08 

1.08 

0.96 

0.77 

Table  1  (continued) 


Pep-  Thr 
tide 

Tvr 

51 P 

NMR 

m/e 

HPLC 

b 

Yield 

(nag) 

peptide 

content 

4 

1.01 

-5.5 

1535 

42.7 

102 

5  0.56 

0.8 

1333 

35.7 

79 

6  0.96 

2.04 

0.1 

2072 

36.7 

74 

All  peptides  were  purified  by  RPHPLC  and  were  isolated  by  lyophilization 
and  were  of  high  purity  (>98%)  in  overall  yields  typically  30%  with  respect 
to  resin  loading.  Characterization  was  by  AAA,  MP  NMR,  FABMS  and  RPHPLC 
(Table  1). 
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Introduction 

Isosteric  peptide  bond  replacements  in  biologically  active  peptides  have  been 
utilized  to  increase  stability  towards  proteolytic  enzymes,  to  achieve  receptor 
selectivity  and  to  obtain  hormone  antagonists.  Among  other  commonly  used 
peptide  bond  surrogates,  the  ‘carba’  replacement  has  been  introduced  in  a  limited 
number  of  cases.  Until  recently,  no  general  synthetic  methodology  leading  to 
‘carba’  replacements  was  described.  We  present  here  a  survey  of  the  general 
approaches  leading  to  ‘carba’  peptide  bond  surrogates  that  we  developed,  as 
well  as  some  recent  results. 

Results  and  Discussion 

Three  years  ago,  we  introduced  a  methodology  leading  to  chiral  ‘carba’ 
dipeptides  anaiogs  of  the  type  Xaa-'P(CH2-CH2)-Gly  in  the  cholecystokinin  series 
through  the  reaction  of  a  N-protected  /3-amino-aldehyde  with  methyl  (triphe- 
nylphosphoranylidene)  acetate[l].  More  recently,  we  demonstrated  that  this 
methodology  was  of  wider  scope,  and,  as  an  example,  we  described  the 
unambiguous  synthesis  of  the  two  diastereomeric  pseudodipeptides  Boc-L-Phe- 
'P(CHrCH2)-L-Ala-OH  and  Boc-L-Phe-¥(CH2-CH2)-D-Ala-OH  [2],  through  the 
reaction  of  Boc-/3homo-phenylalaninal  with  methyl  2-(triphenylphosphoranyli- 
dene)  propionate.  Separation  of  diastereomers  was  achieved  through  lactame 
intermediates  and  their  identification  was  carried  out  by  NOE  experiments.  A 
nice  improvement  was  obtained  when  readily  available  substituted  phospho- 
noacetates  were  used  instead  of  phosphorous  ylides  [3].  We  now  want  to  describe 
the  synthesis  of  racemic  ‘carba’  dipeptide  analog  3oc-Gly-'P(CH2-CH2)-D,L-Phe- 
OH,  by  two  different  synthetic  pathways,  as  illustrated  in  Fig.  1. 

Boc-/3-alanine  was  converted,  through  its  N, O-dimethyl  hydroxamate,  accor¬ 
ding  to  Fehrentz  and  Castro  [4],  to  the  corresponding  aldehyde  1,  which  was 
reacted  with  the  sodium  salt  of  ethyl  2-(diethylphosphono)-3-phenylpropionate 
(generated  in  1,2-dimethoxyethane  with  sodium  hydride)  to  lead  to  (Z)  ethyl 
5-(tert-butyloxy-carbonyl)amino-2-benzyl-pent-2-enoate  2  in  a  75%  yield.  The 
Z  structure  was  assigned  upon  a  NOE  between  the  benzylic  and  vinylic  protons. 
Hydrogenation  of  ester  2  at  room  temperature  and  atmospheric  pressure  over 
palladium  on  charcoal,  and  saponification  afforded  the  ‘carba’  pseudo-peptide 
Boc-Gly-'P(CH2-CH2)-D,L-Phe-OH  3  as  a  solid. 
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0  1.  HN(Me)OMe,  BOP  O 

Boc-NH^^^OH  2'-UA‘H< - Boc-NH^^^H  1 


1.  6N  HCl,  A 

2.  Boc20 


Fig.  I.  Synthesis  of  Boe-Glv-  WCli ~C!tj-i>.i  -Phe-OH. 


CHrC6H3 

R  R  =  COOEt 
R  =  H  5 


4 


Alternatively,  commercially  available  3-carbethoxy-2-piperidone  (Aldrich)  was 
alkylated  with  benzyl  bromide  in  refluxing  absolute  ethanol  in  the  presence  of 
one  equivalent  of  sodium  ethoxide  to  lead  to  racemic  3-benzyl-3-carbethoxy- 
2-piperidone  4  (66%  yield).  Saponification  of  compound  4  followed  by  decar¬ 
boxylation  (neat  free  acid,  130°C  in  vacuo)  afforded  racemic  3-benzyl-2-pipe- 
ridone  5  in  excellent  yields.  Attempts  to  idendify  by  'H  NMR.  the  intermediate 
free  acid  were  unsuccessful,  as  it  quickly  and  extensively  decarboxylated  in  DMSO 
at  room  temperature.  Acid  hydrolysis  (2  h)  of  compound  5,  followed  by  treatment 
with  (di-/m-butyl)-dicarbonate  (Boc20)  led  to  the  N-protected  racemic  pseudo¬ 
dipeptide  Boc-Gly-¥(CH2-CH2)-D,L-Phe-OH  3  (identical  to  the  one  previously 
obtained).  Alternatively  this  pseudo-dipeptide  was  obtained  by  direct  treatment 
of  compound  4  in  refluxing  6  N  HCl  for  48  h  (decarboxylation  occured  slowly 
in  this  medium)  and  subsequent  N-protection.  The  pseudo  dipeptide  Boc-Gly- 
¥(CH2-CH2)-D,L-Leu-OH  was  synthesized  in  our  laboratory  according  to  the 
same  procedure.  These  mixtures  have  not  yet  been  resolved. 
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Introduction 

We  have  recently  reported  simple  manual  protocols  for  Boc  chemistry  SPPS 
on  polystyrene  resins  [1].  Despite  yields  similar  to  those  peptides  obtained  by 
more  elaborate  protocols,  we  still  observed  the  phenomenon  of  'difficult' 
sequences.  In  order  to  improve  the  coupling  yields  of  these  sequences  we  have 
re-examined  the  use  of  ‘in  situ’  neutralization  in  Boc  SPPS  [2,3]. 

Results  and  Discussion 

Based  on  our  simple  manual  protocol  for  Boc  chemistry  SPPS  we  have  developed 
a  new  protocol  using  in  situ  neutralization  (Table  I).  This  protocol  is  simple 
(only  4  operations  per  residue),  rapid  (less  than  15  min  per  residue),  and  efficient 
(high  coupling  yields  after  10  min).  To  evaluate  our  new  synthesis  protocol 
several  'difficult'  peptides  including  ACP  (65-74)  and  two  HIV-protease  derived 
sequences  were  synthesized.  High  coupling  yields  as  determined  by  the  quan¬ 
titative  ninhydrin  test  [4]  were  obtained  even  for  those  amino  acids  where  a 
second  coupling  was  necessary  with  the  standard  (separate  neutralization,  washes 
prior  to  coupling)  protocol  (Fig.  1).  HPLC  analysis  of  all  synthesized  peptides 
together  with  ion  spray  mass  spectrometry  revealed  that  no  novel  side  reaction 


Table  1  In  situ  neutralization  protocol 


Synthesis  cycle 

Time/Mode 

Deprotection 

100%  TFA 

2x  1  min,  shake 

Washing 

DMF 

30  sec  flow  wash 

Coupling 

activated  Boc-AA  +  DIEA 

10  min  shake,  then  take  a  sample 
for  ninhydrin  test 

Washing 

DMF 

30  sec  flow  wash 

Activation  of  Boc-AA  (scale:  0.2  mmol  resin) 
HBTU/DIEA  0.8  mmol  Boc-AA 


2  ml  0.4  M  HBTU  (0.8  mmol)  in  DMF 

1.2  mmol  DIEA 

activate  for  2  min 

add  to  protonated  resin 

Boc-Asn  is  activated  using  0.8  mmol  HBTU  and  0.8  mmol  HOBt. 
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I  HOBt  not  in  situ  H  HOBt  In  situ  H  HBTU  in  situ 


Asn  lie  Tyr  Asp  lie  Ala  Ala  Gin  Val 
Amino  Acid  (C-to  N-Termlnus) 


Fig.  I.  Comparison  of  coupling  yields  in  the  synthesis  of  ACP  (65-74)  using  standard  and  in  situ 

neutralization  protocols. 

due  to  the  new  synthesis  protocol  occurred.  In  our  racemization  studies  of  slow 
coupling  steps  no  racemization  was  observed. 
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Introduction 

The  reagents  BOP,  PyBOP  and  HBPyU  are  often  inefficient  for  the  coupling 
reaction  of  N-methyl  amino  acids,  because  of  formation  of  the  weakly  reactive 
benzotriazolyl  ester  [1,2],  On  the  other  hand,  their  halogenated  analogs  are  very 
efficient  for  these  difficult  coupling  reactions  [1.2];  it  was  therefore  of  interest 
to  study  their  behavior  in  peptide  coupling  reactions  in  general.  We  present 
here  the  results  obtained  with  TPyCIU  I.  This  stable,  non-hygroscopic  reagent 
was  synthesized  using  classical  methods  [3,4], 


\.N  +  Y=  Cl  :  TPyCIU  I 
C-Y 

BF4~  Y  =  OBt  :  TBPyU  2 

Results  and  Discussion 


TPyCIU  proved  to  be  efficient  for  solution  synthesis  of  hindered  amino  acids 
(Table  1,  entries  1.2)  and  for  protected  Asn  (entry  6).  When  Asn  was  unprotected 
dehydration  occurred,  but  could  be  almost  completely  avoided  by  adding  HOBt 
(entries  3,4).  Using  the  TBPyU  reagent  2  [5]  a  similar  result  was  obtained  (entry 


Table  1  Coupling  of  amino  acids  in  solution 


Entry 

Peptide 

Reagent 

Yield  % 

Sideproduct 

1 

Z-Val-Val-OMe 

1* 

92 

d-l  not  detected 

2 

Boc-Pro-Val-OMe 

1* 

98 

- 

3 

Z-Asn-Gly-OEt 

1" 

27 

Z-Ala(CN)-Gly-OEt  (25%) 

4 

Z-Asn-GIv-OEt 

lc 

73 

Z-A)a(CN)-GJy-OEt  (6%) 

5 

Z-Asn-Gly-OEt 

2" 

89 

Z-Ala(CNFGly-OEt  (4%) 

6 

Boc-Asn(  XanFGlv-OEt 

ld 

92 

- 

7 

Z-MeVal-Val-OMe 

J' 

97 

fj-t.  0.1% 

8 

Z-MeVal-McVal-OMe 

r 

92 

n-L  <  0.1% 

9 

Z-MeVal-MeVal-OMe 

J2 

70 

o-i.  <  0.1% 

10 

Z-MeVal-MeVal-OMe 

2" 

62 

D-L  14% 

(a)  DC M/D1EA.  1/2  h.  (b)  DMF/DIEA,  3h;  (c)  DMF/DIEA  I  eq.  HOBt.  3  h:  (d)  DMF/DIEA. 
I  h.  (e)  DCM/D1EA.  1  h.  1.5  eq.  of  Z-AA  and  1;  (0  idem  as  (e)  except  reaction  time:  3  h:  (g) 
I  h;  <h)  72  h. 
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a) 


iJiLiiJ 

**  - ,  ,  ,n - 


kL 


b) 


25  min. 


2S  min. 


Fig.  1.  SPPS  of  ACP  (65-74):  HPLC  profiles  of  crude  products.  Conditions:  3  eq.  protected  amino 
acid  and  coupling  reagent:  coupling  time:  30  min.  a)  Merrifield  resin;  Boc:  DCM;  TPyClU;  Asn(Xan), 
Gln(Xan),  Tyr(Dcb).  Asp( OcFlx),  Boc-lle :  anhydrous:  lie,  lie  and  Val:  recouple:  b)  Wang  resin:  Fmoc: 
DMF:  TPyClU:  Asn(Trt).  GlnfTrt),  Tyr(tBu).  Asp(OtBu);  Asn  and  Val:  recouple:  c)  Idem  as  (b)  except 
TBPvU  as  coupling  reagent  and  without  recoupling. 

5).  For  coupling  N-methyl  amino  acids,  TPyClU  was  far  more  efficient  (entries 
7,8)  than  its  OBt  analog  2  (compare  entries  9,10). 

In  SPPS,  highly  pure  crude  LAGV  tetrapeptide  was  easily  obtained  using 
the  TPyClU/Boc  strategy.  Moreover,  coupling  Boc-L-Phe  (or  Boc-D-Phe)  to  the 
LAGV-resin  led  to  unracemized  FLAGV  peptide.  The  difficult  synthesis  of  ACP 
(65-74)  Val-Gln-Aia-Ala-Ile-Asp-Tyr-Ile-Asn-Gly,  however,  gave  disappointing 
results  with  the  Boc/TPvClU  strategy  (Fig.  la).The  results  were  better  using 
Fmoc/TPyClU  (Fig.  lb),  but  Fmoc/TBPyU  gave  a  purer  product  (Fig.  lc). 

Whereas  TPyCIU’s  efficiency  remains  good  for  solution  coupling  of  coded 
amino  acids,  the  presence  of  the  OBt  residue  in  the  reagent  is  required  for  SPPS. 
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Introduction 

In  SPPS,  the  purification  step  is  a  major  barrier  to  obtain  the  desired  peptide 
>  in  a  satisfactory  yield  due  to  the  accumulation  of  terminated  or  truncated  peptides 

on  the  resin.  Recently,  several  reports  relating  to  new  separation  methods  were 
published  [1-3].  However,  none  of  these  methods  have  been  able  to  achieve 
effective  one-step  separation.  We  have  explored  a  new  affinity-type  purification 
procedure,  based  upon  the  specific  reaction  between  SH  and  iodoacetatffKIe 
groups.  A  new  SH  introducing  reagent,  S-(/>-methoxybenzyl)thioglycolyl-amino- 
ethylsulfonylethyl  p-nitrophenyl  carbonate,  was  prepared  for  the  one-step  pu¬ 
rification  of  peptide  synthesized  by  solid  phase  technique. 

Results  and  Discussion 

The  usefulness  of  this  method  was  demonstrated  by  the  syntheses  of  three 
model  peptides  i.e..  polvphemusin  II  (Acm  form),  hCCK-33  (unsulfated  form), 
and  hGRF.  Syntheses  were  performed  by  the  Fmoc-based  solid-phase  method. 
For  these  syntheses,  the  SH  group  of  the  Cvs  residue  was  protected  with  an 
acid-stable  acetamidomethyl  group  (Acm).  At  the  final  step  of  synthesis,  the 
synthetic  cross-linking  reagent  was  attached  to  the  N-terminus.  Subsequent 
deprotection  by  the  1  M  trimethylsilyl  bromide-thioanisole/TFA  system  [4]  was 
carried  out,  and  the  resulting  SH  peptide  was  passed  through  an  iodoacetamide 
resin  column,  allowing  only  the  desired  peptide  possessing  the  SH  functional 
group  to  be  immobilized  by  covalent  bonding  to  the  iodoacetamide  resin.  After 
washing  out  contaminating  peptides  from  the  resin,  the  target  peptide  was  released 
by  treatment  of  the  resin  with  5%  NH4OH  (Fig.  1).  The  resulting  peptide  showed 
a  nearly  pure  form  on  HPLC  (Fig.  2). 

The  advantages  of  our  method  are  the  purity  of  the  product  and  its  ease. 
Peptides  which  have  shoulder  peaks  cannot  be  purified  by  HPLC,  while  they 
can  be  purified  with  this  method.  Compared  with  conventional  HPLC  puri¬ 
fication,  this  method  can  make  it  possible  for  any  researcher  to  obtain  pure 
peptides  easily  in  a  short  time.  The  easily  prepared  cross-linking  reagent 
introduced  here  may  thus  be  widely  applicable  for  the  one-step  purification  of 
peptides  synthesized  bv  the  solid-phase  technique. 
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containing  Tns-HCI 
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ABC* 
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A-B  C-D  E-F* 
Peptjd^Mi*iurcJ 
^  Scavenger 


A-B  OD-E-F-G 
(desiredpepfidej 


• :  -COCH, 


o 


-•■-S-pMB  -O0O(CHj)i-S-(CH,h  NHCOCH^-CH,-^-^, 

6 

Fig.  I.  Deprotection  and  purification  of  pep¬ 
tides  synthesized  by  SPPS. 


t 


Fig.  2.  HPLC  elution  profile  of  synthetic  pep¬ 
tides. 

a )  Acm-polyphemusin  ll  b)  unsulfated  hCCK- 
33  c)  hGRF. 


References 

1.  Krieger.  D.E..  Erickson,  B.W.  and  Merrifieid.  R.B..  Proc.  Natl.  Acad.  Sci.  U.S.A.,  73(1976)3160. 

2.  Ball,  H.,  Grecian,  C.,  Kent,  ?  B.H.  and  Mascagni,  P.,  In  Rivier,  J.E.  and  Marshall,  G.R. 
(Eds.)  Peptides:  Chemistry,  Structure  and  Biology  (Proceedings  of  the  11th  American  Peptide 
Symposium),  ESCOM,  Leiden,  1990,  pp.  435-436. 

3.  Wilchek,  M,  and  Miron,  T.,  In  Gross,  E.  and  Meinhofer,  J.  (Eds.)  Peptides,  Structure  and 
Biological  Function,  Pierce  Chemical  Co..  Rockford,  IL.  1979,  pp.  49-57. 

4.  Fujii,  N.,  Otaka.  A.,  Sugiyama.  N..  Hatano,  M.  and  Yajima,  H..  Chem.  Pharm.  Bull., 
35(1987)3880. 


628 


Formation  of  hydroxy  amino  acid-O-sulfonates  during 
removal  of  the  Pmc-group  from  arginine  residues  in  SPPS 


Ernst  Jaeger*,  Giinther  Jungb,  Henriette  A.  Remmerb  and  Peter  RiicknageP 

aArbeitsgruppe  Peptidsvnthese,  Max-Planck-lnstitut  fur  Biochemie, 

D-8033  Martinsried,  Germany 

h  Inst  nut  fur  Orgamsche  Chemie,  Universitat  Tubingen,  D-7400  Tubingen,  Germany 


Introduction 

The  development  of  the  Pitk  group  [i]  for  protection  of  the  guanidino  group 
of  arginine  residues  was  an  important  improvement  for  the  Fmoc  strategy  of 
SPPS.  The  advantage  of  mild  acid  conditions  and  relatively  short  reaction  times 
for  the  removal  of  this  protecting  group  is,  however,  accompanied  by  the 
disadvantage  of  by-product  formation  in  relatively  high  amounts.  Some  of  these 
by-products  are  formed  due  to  modifications  of  Trp  and  Tyr  residues  [2],  We 
have  also  observed  by-products  in  substantial  amounts,  when  Arg(Pmc)  was 
used  for  the  synthesis  of  many  peptides,  not  containing  Trp  or  Tyr. 

We  have  demonstrated  that  Ser  and  Thr  side  chains  can  be  O-sulfonated 
during  TFA  cleavage  of  the  Pmc  group  with  formation  of  stable  peptide-O- 
sulfonates  in  yields  up  to  55%,  depending  on  the  deprotection  conditions. 

Results  and  Discussion 

The  synthesis  of  H-Ala-Arg-Gly-Asp-X-Gly-OH  [  X  =  Ser(l)  and  Thr(2)]  and 
H-Ala-Arg-Glv-Ala-Thr-Glv-OH  (3)  was  performed  on  a  polystyrene  resin  with 
Wang  linker  using  double  couplings  of  Fmoc-AAs  with  DCCI/HOBt.  Side- 
chain  protection  was:  Asp(OtBu),  Arg(Pmc),  Ser(tBu),  Thr(tBu).  After  cleavage 
of  resin  and  protecting  groups  by  50%  TFA  in  DCM  and  prepurification  of 
the  crude  peptides  on  Sephadex  G-25,  the  main  products  isolated  could  be 
separated  into  two  major  components  A  and  B  by  ion  exchange  chromatography 
on  SP-Sephadex  C-25.  After  further  purification  by  C18  RPHPLC,  the  structures 
of  A  and  B  were  elucidated  and  compared  by  the  following  methods: 

AAA  revealed  no  differences  between  forms  A  and  B.  In  aminopeptidase- 
M  digests  of  1-B  and  2-B  or  3-B.  however,  H-Ser(SO?H)-OH  and  H-Thr(SO?)- 
OH  respectively,  were  found  (as  compared  with  authentic  samples)  instead  of 
Ser  or  Thr.  In  'negative  mode’  FABMS  and  ion  spray  MS.  the  expected  masses 
[M-l]  were  measured  for  1-A:  560,  2-A:  574  and  3-A:  530,  while  molecular 
ions  of  forms  B  were  80  Da  higher  (1-B:  640,  2-B:  654,  3-B:  610),  indicating 
an  additional  SO?  moiety.  (In  'positive  mode’  spectra  of  forms  B,  the  fragment 
peaks  [M-80  +  H]  were  predominant).  A  final  precise  distinction  between  the 
structures  of  the  forms  A  and  B  was  possible  by  !H  NMR  spectroscopy:  all 
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protons  of  Ser  and  Thr  were  shifted  downfield  in  1-B,  2-B  and  3-B,  proving 
modification  of  these  side  chains.  Together  with  sulfur  determinations  and  FT1R 
spectra  (additional  absorption  bands  at  1220  and  1040  cm-1  in  B  ),  the  analytical 
data  gave  clear  evidence  for  the  structures  of  1-B,  2-B  and  3-B  to  be  the  Ser.Thr- 
O-sulfonated  forms  of  1,  2  and  3. 

Relative  molar  yields  of  (A:B)  in  %  were  found  to  be  (46:54)  for  1,  (61 : 39) 
for  2  and  (45 : 55)  for  3.  When  the  deprotection  was  carried  out  with  TFA/ 
HiO  (95  :  5),  no  sulfonated  byproducts  were  found. 

The  results  demonstrate,  that  peptides  containing  O-sulfonated  Ser  and  Thr 
residues  are  formed  in  high  yields  up  to  55%  relative  to  the  non-sulfonated 
peptides,  if  Arg(Pmc)  is  deprotected  by  TFA  under  non-aqueous  conditions. 
This  side-reaction  can  be  avoided,  however,  by  addition  of  5%  water  as  scavenger. 
If  this  is  considered  (other  scavengers  are  under  investigation),  the  Pmc  group 
remains  to  be  the  optimum  protection  for  Arg  in  Fmoc  SPPS. 
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Introduction 

Polyethylene  glycol-polystyrene  grafted  resins  (PEG  resin)  were  prepared  and 
evaluated  for  SPPS  in  the  laboratories  of  Mutter,  Bayer  and  Liang  [1-4].  The 
functional  group  of  the  PEG-resin  (i.e.,  hydroxyl  group)  leads  to  some  drawbacks, 
such  as  low  activity  and  uneasy  cleavage  by  HF.  In  order  to  improve  the  properties 
of  the  PEG  resin  in  peptide  synthesis,  several  derivatives  were  prepared.  One 
of  them  was  the  polyethylene  glycol  benzhydrylamine  resin  (PEG-BHA  resin) 
(Fig.  1). 

To  determine  the  properties  of  the  PEG-BHA  resin  in  peptide  synthesis,  we 
synthesized  the  model  tripeptide  (Glu-His-Pro-NH2)  and  gastrin  tetrapeptide 
(Trp-Met-Asp-Phe-NHi). 

Results  and  Discussion 

The  intermediates,  p-methyldiphenvlketone  and  p-bromomethyl  diphenylke- 
tone,  were  purified  by  recrystallization.  IR,  NMR  and  elemental  analysis  revealed 
the  expected  compositions. 


+  CH^- 


1  ,  HC02H 

HCO-NH. 
2  4 


2. 


Cone.  iiCl 
-chnh2-  -CH20-PEG -Resin 

Fig.  /.  Synthesis  of  PEG-BHA  resin. 
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The  yields  of  the  PEG-BHA  resin  were  measured  quantitatively  by  the  ratio 
of  content  of  amino  group  [5]  on  PEG-BHA  resin  to  the  content  of  hydroxyl 
group  [6]  on  PEG  resin.  Different  reaction  conditions,  such  as  MW  of  PEG, 
degree  of  polystyrene  crosslinking,  strength  of  base,  and  hydrolysis  time  were 
also  compared.  Higher  conversion  yield  of  PEG-BHA  resin  can  be  obtained 
when  lower  molecular  weight  of  PEG  and  lower  degree  of  crosslinking  of 
polystyrene  were  used.  Besides  that,  the  higher  conversion  yield  of  PEG-BHA 
resin  was  prepared  when  sodium  naphthalene  was  employed.  For  example,  the 
conversion  yield  of  PEG-BHA  resin  with  1%  crosslinked  PS  and  PEG  (MW 
1900  Da)  reached  96%. 

The  model  tripeptide  and  gastrin  tetrapeptide  were  synthesized  using  PEG- 
BHA  resin  as  the  support.  The  condensation  yields  of  each  steps  were  nearly 
complete.  The  coupling  rate  of  the  first  amino  acid  anchored  to  PEG-BHA 
resin  was  much  faster  than  BHA  resin.  AAA  revealed  the  expected  amino  acid 
composition  for  both  peptides. 

In  conclusion,  synthetic  PEG-BHA  resins  were  shown  to  be  excellent  polymer 
supports  for  preparation  of  peptide  amides  by  solid  phase  synthesis. 
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Introduction 

The  products  of  covalent  intramolecular  and  intermolecular  coupled  synthetic 
peptides  have  many  applications  in  biomedical  research.  Examples  include  cyclic, 
polymeric  and  conjugate  peptides.  Although  the  uses  of  such  materials  have 
been  increasing  on  a  daily  basis,  there  have  been  several  deficiencies  in  the  art 
of  peptide  conjugation  methods  for  two  primary  reasons.  First,  because  of  the 
high  reactivity  of  many  amino  acids,  it  is  difficult  to  control  the  reactivity  of 
specific  reactive  groups  at  precise  positions  in  a  peptide  chain,  and  second,  it 
is  difficult  to  quantitate  accurately  the  degree  of  conjugation,  especially  of  a 
synthetic  peptide  to  a  larger  carrier  protein.  Should  any  of  these  materials  become 
drugs  that  have  in  vivo  uses  in  humans,  quality  control  issues  related  to  synthetic 
reproducibility  will  play  major  roles  in  the  manufacturing  and  marketing  of 
these  materials.  As  such,  we  have  been  developing  new  methods  of  peptide 
chemistry  that  address  the  topics  of  control  and  reproducibility  and  at  the  same 
time,  we  have  learned  that  our  new  methods,  which  are  briefly  described  here, 
provide  ways  by  which  to  design  and  readily  synthesize  countless  new  peptide- 
containing  materials. 

Results  and  Discussion 

Since  we  discovered  that  bromoacetyl-  and  chloroacetyl-derivatized  synthetic, 
fully  protected  peptides  were  stable  to  deprotection  with  HF  [1,2],  we  have 
been  developing  new  chemical  compounds  that  use  suitable  leaving  groups 
positioned  at  the  N-terminus  of  synthetic  peptides.  By  placing  a  cysteine  residue 
at  any  position  of  a  peptide,  we  have  been  able  to  cyclize  or  polymerize  peptides 
[2];  for  example,  a  cyclized  peptiae  with  enhanced  activity  over  the  noncyclized 
active  peptide  is  gr  m  for  the  laminin-derived  Tyr-Ile-Gly-Ser-Arg  [3]  and  peptide 
polymers  are  currently  being  evaluated  as  possible  immunogens  [4], 

The  limitation  to  the  previously  published  methods  is  simply  that  the  bro¬ 
moacetyl  or  chloroacetvl  moieties  could  only  be  positioned  at  the  N-terminus 
of  the  peptides  and  the  versatility  limited  to  the  placement  of  a  reactive  -SH 
reagent  such  as  cysteine.  Now,  due  to  the  synthetic  skills  of  Dr.  John  Inman 
and  Ms.  Patricia  Highet  of  NIH  (manuscript  submitted),  we  have  a  new  com¬ 
pound,  N0-tert-butoxycarbonyl-Nc-(N-bromoacetyI-/?-aIanyl)-L-lysine  (BBAL), 
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Table  l  Bromoacetyl  chemistries 


BrAc  couplinq  group 

Specificity 

Unique  amino  acid  for  AAA 

Bromoacetic  acid 

N-terminus 

CMC 

BBAL 

any  position 

CMC,  /3-alanine 

which  allows  the  specific  placement  of  a  bromoacetyl  moiety  at  any  position 
along  a  peptide  chain.  In  addition,  the  products  of  hydrolysis  of  BBAL  are 
carboxymethylcysteine  (CMC)  and  /3-alanine,  both  unique  amino  acid  derivatives 
that  are  readily  identified  by  AAA. 

The  bromoacetyl  chemistries  are  summarized  in  Table  1. 

Acknowledgements 

We  would  like  to  thank  Dr.  John  Inman  and  Ms.  Patricia  Highet  for 
synthesizing  BBAL  for  us. 

References 

1.  Lindner,  W.  and  Robey,  F.A.,  Int.  J.  Pept.  Protein  Res.,  30(1987)94. 

2.  Robey,  F  A.  and  Fields,  R..  Anal.  Biochem.,  177(1989)373. 

3.  Kleinman,  H.K.,  Graf,  J.,  Iwamoto,  Y.,  Sasaki,  M..  Shasteen.  C.R.,  Yamada,  Y..  Martin. 
G.R.  and  Robey,  F.A..  Archiv.  Biochem.  Biophys.,  272(1989)  39. 

4.  Hillman,  K.,  Shapira-Nahor.  O.,  Blackburn.  R..  Hernandez.  G.  and  Golding,  H.,  Cell.  Immunol.. 
134(1991)1. 


634 


Novel  class  of  silicon-based  protective  groups  for  the  side 

chain  of  tyrosine 


Nader  Fotouhi*  and  Daniel  S.  Kempb 

JHoffmann-La  Roche  Inc.,  Peptide  Research  Department.  Nutley.  NJ  07110.  U.S.A. 
h Massachusetts  Institute  of  Technology.  Cambridge.  MA  02139.  i'.S.A. 


Introduction 

Many  protective  groups  have  been  proposed  for  the  side  chain  of  tyrosine 
[1,2],  and  offer  a  wide  range  of  stability  towards  acid  of  varying  strength,  as 
well  as  a  wide  range  of  complicating  side  reactions  even  in  the  presence  of 
scavengers,  thus  making  them  less  than  desirable  during  syntheses  in  which  many 
such  protective  groups  are  present.  /J-trimethylsiivlethyl-  (TMSE)  and  /3-dimeth~ 
vlphenv Isilvlethvl-  (DMPSE)  moieties  have  been  evaluated  as  potential  protecting 
groups  for  tyrosine.  Both  are  compatible  with  the  Bpoc/tBu,  Fmoe/tBu.  and 
the  prior  thiol  capture  [3]  strategies. 

Results  and  Discussion 

"he  introduction  of  the  novel  class  of  protective  groups  was  performed  by 
a  Mitsonobu  reaction  [4],  in  multigram  scale,  in  35  to  55%  yield  (Fig.  1).  The 
new  protective  groups  remained  unchanged  after  treatment  with  amine  bases, 
trialkylphosphines,  nucleophiles  such  as  the  a-amine  of  an  amino  acid  and  thiols, 
but  proved  to  be  quite  reactive  with  TFA.  iV-Cbz-O-TMSE-Tyr-OPNb  and  N- 
Cbz-O-DMPSE-Tyr-OPNb  were  quantitatively  deprotected  in  neat  TFA  in  5 
and  20  min,  respectively.  The  reaction  is  extremely  clean  in  the  absence  of  any 
scavenger,  indicating  that  in  contrast  to  the  t-butvl  counterpart  no  alkylating 
species  were  generated. 

The  novel  protective  groups  exhibited  stability  towards  repeated  treatment 
with  0.5%  TFA.  The  t-butyl  analog  on  the  other  hand,  was  found  to  be 
significantly  more  labile,  showing  signs  of  deprotection  even  after  10  min.  In 
a  comparative  study,  DMPSE  was  found  to  be  5  times  more  resistant  towards 
0.5%  TFA  than  TMSE,  which  in  turn  was  4  times  more  resistant  than  i -butyl. 


t  RfCHjHSXCHiJjCH 
EtCOjNNCOjEl  -  Ph3P  I 

Cbz-Tyr-OPNb  - -  Cbz-Tyr-OPNb 

2.  MeOH.  2  days 

R-CH3  (35%) 
R-Ph  (55%) 


1  H^PdfC 
MeOH 


2  BpocNj 
TMQOMF 


OfCHjlj&fCHjljR 

Bpoc-T  yr-OH.CH  A 
R-CH3  (75%) 


Fig.  1.  Synthetic  scheme  for  synthesis  of  tyrosine  with  silicon-based  protecting  groups. 
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A cm 


TMSE  fJ1 
I 


Boc-CQTFVVGG-  O 
I 

t-Bu  ^ 


Acm 


"f 

SH  + 


TMSE 
I 


Dnp 

H-CRAKRNNFKSAEDCMRTCGGA-OH 

I  I 

Scm  Dnp 

1 .  CAPTURE,  HFIP-H20  2- 

2.  1  eq.  DIEA/DMSO,  6  hrs. 

3. 1  eq.  Et3P,  dioxane-H20 

Dnp 

I 


Boc-CQTFVYGGCRAKRNNFKSAEDCMRTCGGA-OH 
I  I  I 

t-Bu  SH  i  (70%)  Dnp 

I  TFA,  1  hr 


H-CQTFVYGGCRAKRNNFKSAEDCMRTCGGA-OH 
I 


Acm 


Dnp  Dnp 


Fig.  2.  Synthetic  scheme  illustrating  the  use  of  TMSE-protected  Tyr  in  peptide  synthesis. 


The  applicability  of  TMSE  was  assessed  by  the  synthesis  of  a  medium-sized 
peptide  by  the  prior  thiol  capture  strategy  (Fig.  2).  Protected  peptide  1  (synthesized 
by  the  solid  phase  methodology  involving  deprotection  of  the  Bpoc  group  with 
0.5%  TFA  in  dichloromethane  and  acylation  with  a  symmetrical  anhydride) 
was  released  from  the  resin  by  the  action  of  triethylphosphine  and  captured 
with  the  activated  N-terminal  cysteine  peptide  2.  The  resulting  unsymmetrical 
disulfide  was  allowed  to  undergo  O  to  N  acyl  transfer,  and  the  spent  template 
(4-hydroxy-6-mercaptodibenzofuran)  was  released  by  triethylphosphine  to  yield 
the  partially  blocked  peptide  3  in  70%  overall  yield  after  preparative  HPLC 
purification.  Deprotection  of  this  material  with  neat  TFA  for  1  h  afforded  the 
final  product  in  quantitative  yield. 
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Introduction 

Traditional  methods  for  SPPS  involve  the  use  of  an  insoluble  polymeric  support 
onto  which  the  protected  peptide  is  assembled.  Through  washing  and  weighing 
experiments,  we  have  observed  that,  in  general,  proteins  are  not  soluble  to  any 
appreciable  extent  in  common  organic  solvents  such  as  DMF  and  DCM.  We 
have  utilized  this  significant  property  to  design  a  novel  method  for  SPPS.  based 
on  the  Fmoc-protection  group  strategy,  employing  a  protein  as  substrate.  In 
this  paper,  some  aspects  of  SPPS  on  the  protein  BSA  are  discussed. 

Results  and  Discussion 

The  free  peptide  H-Leu-Leu-Ala-Gly-Val-OH  (1)  and  the  peptide-protein 
conjugate  H-Ser-Met-Asp-Thr-Ser-Asn-Lys-Glu-Glu-Lvs-BSA  (2)  [I]  were  syn¬ 
thesized.  in  the  first  case  via  the  acid-labile  linker  4-(hvdroxymethyl)  phenoxv 
acetic  acid,  on  the  amino  groups  of  BSA.  The  syntheses  were  carried  out  in 
a  screw-capped  glass  vessel,  equipped  with  a  sintered  filter,  and  attached  to 
a  shaker.  Before  synthesis,  the  glass  parts  of  the  vessel  were  silvlized  as  described 
in  [2],  In  the  case  of  1,  BSA  was  treated  with  DIPCD1  and  DEA  in  DMF 
prior  to  peptide  synthesis.  The  Fmoc-protected  amino  acids  were  coupled  as 
esters  of  Dhbt-OH  in  DMF,  except  the  C-terminal  residue  of  1,  which  was 
anchored  as  a  pre-formed  symmetric  anhydride.  After  each  coupling  (2  h)  and 
deprotection  step  (effected  by  20%  piperidine  in  DMF,  2x5  min),  the  conjugate 
was  washed  (DMF  and  DCM),  dried  and  weighed  to  ensure  that  a  satisfactory 
weight  increase  had  taken  place. 

I  was  obtained  (0.015  g  from  0.125  g  of  conjugate)  by  cleavage  from  the 
protein  with  95%  TFA,  precipitation  in  ether,  and  separation  from  BSA  by 
dialysis.  For  comparison  purposes  the  peptide  sequence  was  synthesized  by  the 
Fmoc-polvamide  method  on  a  Macrosorb  100  flow  resin  according  to  [3].  AAA: 
(BSA-supported;  Val:  1.00;  Gly:  1.13;  Ala:  1.05;  Leu:  1.99;),  (Macrosorb  100 
flow  resin:  Val:  1.00;  Gly:  1.12;  Ala:  1.06;  Leu:  1.96).  The  identity  of  1  was 
also  confirmed  by  FABMS. 

H-Ser-Met-Asp-Thr-Ser-Asn-Lys-Glu-Glu-Lvs-BSA  (2)  was  obtained  (0. 1 13 
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g  from  0.125  g  of  conjugate)  by  suspending  the  protected  conjugate  (H-Ser(/BuV 

Met-Asp(OfBu)-Thr(rBu)-Ser(/Bu)-Asn-Lys(Boc)-Glu(OfBu)-Glu(0/Bu)-Lys- 

(Boc)-BSA)  in  a  mixture  of  TFA  and  DCM  (1:1  v/v)  at  0°C  (5  min),  after 
which  the  peptide-protein  conjugate  was  precipitated  with  dry  diethylether. 

AAA  of  2  (relative  amounts  of  target  peptide):  Asx:  1.6;  Thr:  1.0;  Ser:  1.7; 
Glu:  2.0;  Met:  1.1;  Lys:  1.9.  It  was  estimated  that  at  least  35  peptide  chains 
were  synthesized  per  BSA  molecule.  The  conjugate  2  was  used  to  immunize 
rabbits,  and  preliminary  results  suggests  that  it  is  highly  immunogenic. 

In  conclusion,  SPPS  on  the  amino  groups  of  a  protein,  either  via  a  cleavable 
linker  or  directly,  provides  a  new  method  for  obtaining  peptide-protein  conjugates 
with  a  very  high  peptide/protein  ratio  at  a  low  cost.  In  the  first  case,  the  method 
is  useful  for  the  synthesis  of  free  peptides.  In  the  case  of  direct  synthesis,  it 
is  well-suited  for  the  preparation  of  peptide-protein  conjugates  to  be  used  for 
immunization.  Another  aspect  of  this  new  methodology  is  that  other  groups 
on  the  protein,  such  as  carboxylic  acid,  hydroxy  or  thiol  groups,  may  also  be 
functionalized  for  peptide  synthesis. 
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Introduction 

In  recent  years,  considerable  effort  h„s  been  directed  towards  the  understanding 
of  various  ion  channels  and  their  role  in  vascular  disorders.  A  number  of  venom 
toxins  have  been  used  in  these  studies  [1,2].  However,  most  of  these  are  not 
available  commercially.  A  program  to  obtain  large  quantities  of  secapin.  peptide 
401,  tertiapin,  iberiatoxin,  noxiustoxin.  charybdotoxin,  leiurotoxtn,  conotoxin 
and  dendrotoxin  (50-100  mg)  was  undertaken. 

Results  and  Discussion 

The  toxins  were  synthesized  on  polvstvrene-divinylbenzene  resin  using  Applied 
Biosvstems  430A  peptide  synthesizer.  Formation  of  the  disulfide  bridges  was 
achieved  in  two  ways.  For  tertiapin  and  peptide  401,  the  Cvs  residues  were 
protected  selectively  using  Acm  and  Trt  groups.  The  first  disulfide  bridge  was 
formed  after  cleaving  the  Trt  groups.  The  Acm  groups  were  then  cleaved  to 
generate  the  second  disulfide  bridge.  In  all  the  other  cases,  the  C'vs  residues 
were  deprotected  at  the  same  time  and  the  random  oxidation  approach  was 
found  to  be  successful  in  generating  the  required  toxin. 

The  homogeneity  of  each  toxin  was  checked  by  HPLC  in  several  gradient 
systems  and  also  by  capillary  zone  electrophoresis  (CZE).  Characterization  was 
achieved  by  AAA  and  FABMS.  Biological  evaluations  of  these  toxins  are  in 
progress. 

In  the  case  of  secapin  (25  amino  acid  residues,  single  disulfide  bridge)  N°- 
Boc  protected  amino  acids  were  used,  and  the  product  was  cleaved  by  HF  from 
the  PAM  resin,  oxidized  and  purified  to  provide  the  pure  peptide. 

Conotoxin  G  VI  A  (27  amino  acid  residues;  3  disulfide  bridges)  was  synthesized 
by  a  similar  approach  using  p-methylbenzhvdrylamine  resin.  Each  residue  was 
double-coupled  and  unreacted  amino  groups  were  blocked  at  each  step.  Starting 
from  2  g  resin,  after  HF  cleavage  (anisole-dimethvlsulfide-thiocresol  used  as 
scavengers)  and  purification  bv  ion-exchange  chromatography  (Biorex  70)  and 
RPHPLC,  conotoxin  identical  to  a  commercially  available  sample  (Bachem)  was 
obtained  in  7.7%  yield. 

A  similar  strategy  was  not  successful  in  the  case  of  charybdotoxin  (37  amino 
acid  residues;  3  disulfide  bridges).  Although  the  hexa  Acm  derivative  ot 
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charybdotoxin  was  obtained  in  good  yield  and  purity,  no  charybdotoxin  was 
obtained  after  Acm  removal.  An  alternative  synthesis  using  N“-Fmoc  protected 
amino  acid  derivatives  gave  the  desired  peptide  which  was  identical  to  the  natural 
toxin  (yield  4.7%).  The  last  three  amino  acid  residues  (Pyr-Phe-Thr)  were  more 
difficult  to  couple.  In  fact,  several  deletion  analogs,  [des-Pyr1]-,  [des-Thr3]-,  [des- 
Pyr1,  des-Thr3]-,  [des-Phe2-Thr3]-  and  [des-Pyr ‘-Phe2-Thr3]-charybdotoxin  were 
isolated  in  2-3%  yield  from  the  crude  reaction  mixture  and  identified  by  sequence 
analysis. 

All  the  other  toxins  reported  here  (tertiapin,  peptide  401,  ibenatoxin,  nox- 
iustoxin,  leiurotoxin  and  dendrotoxin)  were,  therefore,  synthesized  by  this 
methodology.  The  final  yields  for  noxiustoxin,  leiurotoxin  and  iberiatoxin  were 
around  12%.  In  the  case  of  tertiapin  and  peptide  401,  a  selective  Cys  protection 
strategy  was  adopted.  Protected  tertiapin  resin,  A-L-C(Acm)-N(Trt)-C(Trt)- 
N(Trt)-R(Pmc)-I-I-I-P-H(Trt)-M-C(Acm)-W-K(Boc)-K(Boc)-C(Trt)-G-K(Boc)- 
K(Boc)-resin,  was  first  treated  with  TFA-phenol-dithioethane  (95  :2.5:2.5)  for 
1  h  and  after  removing  the  scavengers  the  first  disulfide  bridge  was  formed 
by  K3Fe(CN)6  oxidation.  The  second  disulfide  bridge  was  then  formed  by  the 
reaction  of  I2  in  methanol.  An  alternative  route  in  which  the  Cys314  were  protected 
by  Trt  and  Cys5-18  by  Acm  only  gave  a  tertiapin  derivative  in  which  the  Trp 
residue  had  been  alkylated  by  an  Acm  group. 

The  synthesis  of  peptide  401  by  the  above  strategy  using  Cys(Trt)31s  and 
Cys(Acm)519  groups  resulted  in  a  successful  synthesis.  The  main  problem  was 
associated  with  the  HPLC  behavior  of  this  peptide.  In  various  gradients  of 
acetonitrile  and  water  (0.1%  TFA)  at  room  temperature  the  peptide  appeared 
as  a  mixture  and  as  a  broad  peak  at  30-40°C.  A  single  sharp  peak  was  observed 
only  at  60  and  65°C.  However,  a  sharp  single  peak  was  obtained  when  the 
homogeneity  was  checked  by  CZE. 
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introduction 

We  [1]  and  others  [2,3]  have  reported  that  formaldehyde  released  during  HF 
cleavage  of  the  benzyloxymethyl  (Bom)  group  of  histidine  induces  almost 
quantitative  cyclization  of  N-terminal  cysteinyl  residues  to  thiazolidine  carboxylic 
acid  (Thz).  The  Thz-containing  peptide  may  remain  unnoticed  as  Thz  regenerates 
cysteine  during  acidic  hydrolysis.  However,  formation  of  Thz-containing  peptides 
is  easily  detected  by  MS  due  to  the  presence  of  a  peak  twelve  mass  units  higher 
than  the  expected  mass. 

Results  and  Discussion 


We  have  investigated  whether  modifying  the  conditions  of  acidolytic  treatments 
of  peptidyl-resins,  or  changing  the  synthetic  strategy  from  Boc/Bzl  to  Fmoc/ 
tBu  could  reduce  the  extend  of  cyclization.  The  use  of  high  or  low/high  TFMSA 
conditions  in  conjunction  with  the  Bom  group  leads  to  the  same  results  as  the 
use  of  HF  (Table  l).  In  the  Fmoc/tBu  strategy,  cleavage  of  the  recently  introduced 
tertiobutyloxymethyl  (Bum)  group  by  TFA  under  different  conditions  also  leads 
to  the  formation  of  significant  amounts  (37  to  80%)  of  the  Thz-containing  peptide 
2. 

We  have  tried  to  determine  conditions  in  which  the  thiazolidine  ring  could 
be  reopened  to  regenerate  the  corresponding  Cys-derivative  or  its  disulfide.  Initial 
attempts  were  made  on  the  basis  of  the  structural  analogy  between  Thz  and 
the  classical  acetamidomethyl  (Acm)  protecting  group  for  cysteine.  Among  the 
different  reagents  which  have  been  proposed  for  the  cleavage  of  the  Acm  group 
(stable  to  acidolysis  by  HF  or  TFA),  the  most  convenient  are  mercury  acetate 
which  generates  the  thiol  compound  and  iodine  which  leads  to  the  disulfide 
[4],  Treatment  of  2  with  excess  of  iodine  generated  the  corresponding  disulfide 
of  1  as  the  main  product,  however,  a  significant  amount  of  a  peptide  having 
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Fig.  L  Structures  nf  Cys-  and  Thz-containing  peptide. 
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Table  1  Cleavage  conditions  and  scavengers  and  associated  side  reactions  for  the  Bom 
and  Bum  groups 


Cleavage 

Scavengers 

%  l1 

%  2 
(thiol) 

%  2 

(disulfide) 

high  HF 

p-cresol 

±90 

10 

high  TFMSA 

thioanisol  :  EDT 

±90 

10 

low/high  TFMSA 

m- cresol :  EDT  :  DMS 

±90 

10 

TFA 

H,0 

80b 

20 

TFA 

EDT:  H,0.  1  :  1 

60 

35 

5 

TFA 

EDT  :  amsole,  1  :  1 

37 

59 

4 

TFA 

phenol :  EDT  :  thioanisole  :  H'O,  3  :  1 

1:2:2 

39 

61 

TFA 

EDT  :  amsole  :  cysteine,  1:1:1 

55 

45 

J  "r  1  =  100- 


_ amount  of  2 _ 

amount  ot  1  +  amount  of  2 


b  Together  with  large  amounts  of  other  side  products 


a  molecular  mass  in  excess  by  48  units,  corresponding  to  the  oxidation  of  Thz 
to  cysteic  acid;  the  sulfonic  acid  derivative  of  Cys,  could  also  be  detected  by 
PDMS  analysis  of  the  reaction  mixture.  Treatment  of  2  with  mercuric  acetate 
yielded,  immediately  after  precipitation  of  the  mercuric  complexes  by  H2S 
bubbling,  almost  quantitatively  a  product  with  the  expected  mass  for  the  Cys- 
containing  peptide  and  the  same  retention  time  in  RPHPLC.  However,  when 
the  excess  of  H2S  was  removed  by  NU  bubbling,  the  peptide  1  reacted  with 
the  formaldehyde  that  was  liberated  and  remained  in  the  reaction  mixture  (or 
its  polymeric  form  with  H2S),  to  yield  the  Thz-containing  peptide  2.  This 
observation  is  consistent  with  the  fact  that  cyclization  does  not  occur  during 
acidolytic  treatments  but  only  after  extraction  of  the  peptide  from  the  resin 
when  the  decrease  of  the  acidity  allows  the  amino  group  to  recover  its  nucleophilic 
character:  1  reacts  quickly  with  one  equivalent  of  HCHO  to  give  nearly 
quantitatively  2.  To  avoid  cyclization.  a  10-fold  excess  of  free  cysteine  was  added 
just  prior  to  N2  bubbling  in  order  to  trap  formaldehyde.  In  these  conditions 
1  could  be  quantitatively  recovered  from  2. 
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Introduction 

Over  the  last  decades  peptides  and  also  glycopeptides  have  met  with  great 
interest  as  natural  and  natural-product-like  substances  because  of  their  mul¬ 
tifarious  biological  activity.  Since  these  compounds  are  sensitive  under  a  great 
number  of  conditions,  mild  and  exactly  controlled  methods  for  their  construction 
by  organic  synthesis  are  required.  An  essential  prerequisite  for  the  successful 
synthesis  of  such  peptides  are  protecting  groups  which  are  on  the  one  hand 
stable  during  the  synthesis  and  on  the  other  hand  can  be  removed  under  mild 
and  almost  neutral  conditions.  The  newly  developed  3-(3-pyrtdyl)allyloxycarbonyl 
(Paloc)  residue,  an  allylic  amino-protecting  group  [1,2],  is  removable  by  pal- 
ladium(0)-catalyzed  allyl  transfer  to  weak  nucleophiles.  It  combines  an  increased 
acid  stability  with  UV  activity.  Peptide  condensations  can  be  achieved  in  the 
most  organic  solvents  and  even  in  water  by  the  use  of  established  coupling 
reagents  [3]. 

Results  and  Discussion 

A  suitable  reagent  for  the  introduction  of  the  Paloc  group  is  the  3-(3- 
pyridyl)allyl(4-nitrophenyl)  carbonate  3.  It  can  be  obtained  in  large  amounts 
and  excellent  yield  as  shown  in  Fig.  1.  The  3-(3-pyridyl)propenal  1  [3]  can  be 
built  by  a  Wittig  reaction  from  pyridine-3-carbaldehyde  [4]. 

When  3  is  allowed  to  react  with  amino  acids  in  water/dioxane  under  pH- 
stat  conditions  at  pH  10  (method  A)  or  with  the  amino  acid  trimethylsilyl  esters 


Fig.  I.  Synthesis  of  3-f3-pyridyl)ailyl(4-nitrophenyi)  carbonate  3. 
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Fig.  2.  Synthesis  of  Patoc-amino  acids.  A:  H^O/dioxane.  pH  10.  4N  NaOH.  B:  1)  1  eq.  MefliCi 
in  CHCl/MeCN  1 : 1  (v/v);  2)  2  eq.  iPr:NEt.  3.  reflux. 


in  the  presence  of  2  eq.  of  ethyldiisopropylamine  in  chloroform/acetonitrile 
(method  B),  the  Paloc  amino  acids  4  are  obtained  in  high  yields  (Fig.  2). 

Paloc  amino  acids  4  react  smoothly  with  amino  acid  benzyl,  /m-butyl  or 
allyl  esters  to  form  the  Paloc  dipeptide  esters.  The  solubility  promoting  properties 
of  the  Paloc  group  permit  the  peptide  condensation  to  be  carried  out  both  in 
organic  medium  in  the  presence  of  ethyl  2-ethoxy-l,2-dihydroquinoline-l-car- 
boxylate  as  condensing  reagent  or  in  water  with  l-ethyl-3-(3'dimethyl- 
aminopropyl)  carbodiimide  in  the  presence  of  1-hydroxybenzotriazole.  The  high 
stability  of  the  Paloc  group  against  acids  (protonation  first  of  the  pyridine  nitrogen 
atom  creates  a  charge  shield  against  further  proton  attack)  enables  /erf-butyl 
protecting  groups  to  be  selectively  removed  from  Paloc-peptides  e.g.  with  HC1 
in  ether/dichloromethane.  The  Paloc  group  is  also  stable  during  the  cleavage 
of  peptide  allyl  esters  by  rhodium(I)-cata!yzed  isomerization  and  hydrolysis  of 
the  resulting  propenyl  esters  [1.2].  The  Paloc  group  itself  can  be  removed 
selectively  and  in  high  yields  from  the  amino  function  of  the  peptides  by 
palladium(0)-catalyzed  allyl  transfer  to  neutral  or  weakly  basic  nucleophiles, 
e.g.  N-methylaniline.  The  very  mild  reaction  conditions  leave  the  other  protecting 
groups  and  the  synthesized  peptide  unchanged.  Because  of  its  solubilizing 
properties  the  Paloc  group  can  be  applied  to  the  construction  of  demanding 
and  sensitive  peptide  derivatives  by  fragment  condensation  [4]. 
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Introduction 

Common  syntheses  of  glvcopeptides  require  a  complex  methodology  for 
protecting  the  different  functionalities  and  result  in  multistep  procedures. 
Especially  the  formation  of  the  intersaccharidic  bond  in  a  regio-  and  stereoselective 
approach  poses  great  synthetic  demands  and  in  this  context  the  use  of  glyco- 
syltransferases  promises  a  number  of  advantages  during  this  task.  While  gly- 
cosyltransferases  were  found  useful  for  the  synthesis  of  oligosaccharides  and 
N-glycopeptides,  the  enzymatic  glycosylation  of  O-glycopeptides  has  not  yet  been 
investigated  [1-3]. 

Results  and  Discussion 

Starting  with  glucosamineHCl  the  use  of  urethane-protecting  groups  allows 
a  comparatively  convenient  way  to  the  desired  peracetylated  substrate  precursors 
which  are  readily  and  in  high  yield  converted  to  the  naturally  occurring  N- 
acetvlglucosamirie-derivatives  (Fig.  1)  [4],  In  particular,  the  use  of  the  N- 
trichloroethyloxycarbonvl  (Teoc)-moietv  in  combination  with  a  1-thioethylacetal, 
which  is  selectively  activated  by  thiophilic  electrophiles  proves  to  be  the  method 
of  choice.  Standard  protecting  group  methodology  is  used  to  liberate  substrates 
for  /3-1,4-galactosyltransferase  (EC  2.4.1.22)  in  high  overall  yield. 

Enzymatic  galactosvlation  of  different  substrates  is  carried  out  by  in  situ 
generation  of  UDP-galactose  from  UDP-glucose  (UDP-glucose-4'-epimerase.  EC 
5. 1.3.2)  at  pH  7.4  and  37°C  .  Alkaline  phosphatase  (EC  3. 1.3.1)  destroys  potent 
transferase-inhibitors  and  facilitates  the  equilibrium  in  the  product  direction  [2.3]. 
After  acetylation  the  products  are  purified  bv  gel-chromatographv  and  preparative 
HPLC. 

This  method  results  in  different  O-lactosamine  derivatives  of  serine  and 
threonine  containing  varying  protecting  groups  (Fig.  2).  An  0-(lactosyl)peptide 


o 

Fig.  I.  Synthesis  of  N-acetylglucosamme-containing  glvcopeptides. 
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UDP-Glucose 


▼ 


2  Pj  +  Uridine 


OAc  ,  OAc  p 

7r^ 

I  OAc  NHAc 

OAc 


PG-Peptide-OtBu 


PG-Peptide-Ot8u  :  Teoc-Ser-Ala-OtBu(45%) 
Z-Ser-Ala-OlBu(52%) 
Z-Ala-Ser-Ala-OlBu(567„) 
Z-Thr-OtBu(38%) 


Fig.  2.  Synthesis  of  O-lactosamine  derivatives  of  serine-  and  threonine-containing  peptides. 


is  obtained  from  the  corresponding  gluco-pyranosyl  precursor  by  the  addition 
of  lactalbumin.  Though  large  scale  reactions  are  still  limited  by  the  availability 
of  nucleotide  sugars,  the  reported  results  again  prove  /3-1,4-galactosyltransferase 
to  be  an  enzyme  which  serves  as  a  useful  tool  in  glycoconjugate  synthesis  accepting 
a  wide  range  of  substrates. 
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Introduction 

TBTU,  like  BOP  [1]  and  HBTU  [2],  is  an  efficient  coupling  reagent  in  both 
Fmoc-  and  Boc-mediated  SPPS  [2].  In  comparison  to  other  couplings  reagents 
such  as  DCC,  couplings  mediated  by  uronium  and  phosphonium  salt  reagents 
are  essentially  racemization  free  and  exhibit  superior  kinetics.  Coupling  effi¬ 
ciencies  can  be  further  improved  by  the  addition  of  HOBt  during  the  activation 
procedure  [2.3].  To  reduce  synthesis  times  and  reagent  usage  in  automated  SPPS, 
we  have  developed  rapid  (30  mm)  cycles  incorporating  TBTU/HOBt  for  use 
with  Boc-amino  acids  on  the  Applied  Biosvstems  430A  automated  peptide 
synthesizer. 

Results  and  Discussion 

Implementation  of  TBTU/HOBt  coupling  conditions  using  standard  ABI 
software  (version  1.40)  does  not  require  replumbing  of  any  lines  and  necessitates 
changes  to  only  three  reagent  bottle  positions.  DMF  is  used  as  the  sole  solvent 
for  both  activation  and  coupling  reactions.  Since  the  by-products  of  the  TBTU 
reaction  (tetrafluoroborate.  HOBt  and  tetramethvlurea)  are  completely  soluble 
in  DMF,  activation  can  take  place  in  the  amino  acid  cartridge.  The  activated 
amino  acid  can  then  be  transferred  directly  to  the  reaction  vessel,  thereby  by¬ 
passing  both  activation  and  concentration  vessels.  The  time  consuming  buller 
transfer  step  in  the  concentration  vessel  is  therefore  eliminated.  Since  a  4-fold 


Fig.  I  A  schematic  outline  of  the  TBTU/HOBt  cycles. 
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Fig.  2.  RPHPLC  analysis  of  a  crude  peptide  (Y-L-R-I-Q-R-L-F-P-P-V-P-Q-l-K-D-K-L-N-D-K-H) 
synthesized  using  (A)  TBTU/HOBt  cycles  and(B)  DCC/HOBt  cycles. 

reduction  in  the  time  required  for  Boc  removal  can  be  achieved  with  100% 
TFA  [4],  this  approach  was  employed  for  the  TBTU/HOBt  cycles  (Fig.  1).  These 
cycles  (30  min)  compare  favorably  with  the  existing  DCC/HOBt  cycles  employed 
on  the  430A  instrument  (-65  min).  The  utili*'’  of  the  TBTU/HOBt  method  is 
shown  in  Fig.  2. 
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Introduction 

Exposure  of  the  /3i-adrenergic  receptor  (/TAR)  to  agonists  leads  to  a  rapid 
decrease  of  the  receptor  number  present  at  the  surface  of  the  cells  and  multiple 
mechanisms  are  involved  in  the  loss  of  sensitivity:  receptor  sequestration  (a  rapid 
and  transient  event)  and  receptor  down-regulation  (requiring  a  more  prolonged 
agonist  exposure).  Rapid  desensitization  of  the  receptor  has  also  been  related 
to  receptor  phosphorylation  and  the  role  of  several  enzymes  kinase  A.  kinase 
C  and  a  c-AMP  dependent  kinase  is  known  [1],  Recently,  Bouvier  et  al.  [2] 
showed  that  mutation  of  Tyr350  and  Tyr354  dramatically  decreased  ability  of 
/?? AR  to  undergo  isoproterenol-induced  down-regulation  without  affecting  the 
agonist-induced  sequestration.  Such  results  suggest  that  tyrosyl  residues  are 
crucial  determinants  in  the  down-regulation  of  the  receptor  possibly  through 
phosphorylation.  In  order  to  study  this  phenomenon,  we  have  replaced  in  the 
/32AR  (344-357)  sequence  either  Tvr350  or  Tyr354  or  both  residues  by  the  stable 
analog  of  tyrosine,  p(CH2P03H2)L-Phe,  which  has  been  recently  synthesized  in 
our  laboratory  [3]. 

Results  and  Discussion 


The  p-phosphonomethyl-Phe  was  prepared  as  the  protected  Boc- 
(pCH2P03Et2)L-Phe  form  in  order  to  be  used  in  SPPS  (Fig.  1).  The  diethvl- 
phosphonate  group  was  introduced  by  nucleophilic  substitution  with  P(OEt)3 


CH2-  Br 


CH2-  Br 


a.b.c 

- ► 


HjN  -  CH  -  COzEt 
I 

CHj 


d,e 


CH2TO3Et2 


BocHN  -  CH  -  COjH 
CHj 

+  D.  Amlnoester 

CH2P03EtJ 


Fig.  1.  Synthesis  of  Boc-fpCHPOjEtji.-Phe.  a)  P(OEt),;  b)  <PrC  =  N -CO :Et.  Kl.  NfCHd.c 

c)  HCl  IN.  NaHCOc.  d)  Boc:0;  e)  Carlsberg  substiltsin. 
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Ae-R-S-S-L-K-A-X-C-N-C-X'-S-S-N 


x  •  ptayxyxjr,  x  ■  y 

BrSUCHJ,  | 

Ae-R-9  -S-L-K-A-  ptdysyyF  -  G - N -G - Y - S - S - N 
+ 

Ae-R-S  -  S  -  L  -  K  -  A  iHCHjPOjUEtJF  -G-N-G-Y- S-S-N 


X  -  Y.  X  -  rfCHjPOjEtJP 
|  BrSKCH,), 

Ae-R-S  -  S-L-K-A- Y-G-N-G  -  ptCty’O.jiyF  -S-S-N 
+ 

Ae-R-S  -S-L-K-A-  Y-G-N-G  -  ptCHjPOJIEtir  -S-S-N 


X  =  X  =  ptCiqPOjEtJF 


BrSilCH,), 

I 

Ae-R-S  -S-L-K-A- rfCJljPCyyF  -G-N-C-  p(CH,P03iyF  -S-S-N 

+ 

Ae-R-S  -  S-  L-  K-  A-  tfCiy-OjUEtlF  -  G  -  N  -  G  -  f^CIljrOjIIEtJF  -S-S-N 

Fig.  2.  Deprotection  of  the  peptides. 

of  one  benzylbromide  of  a,a'-paradibromoxylene  and  the  aminoester  function 
by  substitution  of  the  second  benzylbromide  group  by  the  carbanion  of  ethyl- 
4  (diphenylmethylene)  glycinate  followed  by  mild  acid  hydrolysis  (Fig.  1).  The 
action  of  Boc20  gave  the  diethyl  N-protected  aminoester  phosphonate  as  racemate 
then  enzymatically  hydrolyzed  by  the  Carlsberg  subtilisin  to  provide  the 
Boc(pCH2P03Et2)L-Phe. 

Peptide  synthesis  was  performed  using  the  Boc-benzyl  protecting  group 
approach  on  a  Boc-Asn-PAM  resin.  Acetylation  was  performed  by  Ac20.  After 
cleavage  (HF/cresol  3/1,  0°C),  the  crude  material  treated  by  BrSi(CH3)3  in  mild 
conditions  (dry  CH2C12,  refluxing  temperature)  gave  the  peptides  with  the 
phosphonic  moieties  under  free  p(CH2P03II2)Phe  and  monoester 
p(CH2P03HEt)Phe  forms  (Fig.  2).  The  peptides  were  purified  by  HPLC  with 
Cg  RP300  column.  Due  to  higher  hydrophobicity,  the  peptides  under  monoester 
forms  will  be  of  great  interest  as  they  may  enter  cell  membranes. 
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Introduction 

With  the  PEPSCAN  technique  [1]  large  numbers  of  peptides  (>1000)  can 
be  synthesized  simultaneously  on  Mg  scale  on  polyethylene  pins,  grafted  with 
polyacrvlic  acid.  PEPSCAN  pins  were  used  successfully  for  mapping  of  epitopes 
and  for  determination  of  fine-specificity  of  several  antibodies.  The  synthesis 
process,  based  on  Boc  chemistry,  was  automated.  Peptides  can  be  cleaved  from 
these  pins  by  the  introduction  of  the  DPG  sequence  [2]  or  the  KP  sequence 
[3],  The  first  method  leaves  an  aspartic  acid  residue  at  the  C-terminus  of  the 
peptide  after  formic  acid  cleavage,  the  second  method  leaves  a  C-terminal 
diketopiperazine.  The  yield  of  crude  peptides  was  about  10-100  Mg-  Positive 
ELISA  reactions  with  PEPSCAN  pins  can  be  reproduced  repeatedly  and 
reactivities  can  be  confirmed  by  conventional  peptide  synthesis.  However.  AAA 
shows  a  gradual  decrease  of  the  amount  of  N-terminal  amino  acids.  We  concluded 
that  the  synthesis  at  the  surface  of  the  grafted  pins  proceeds  very  well,  but 
that  reactions  inside  the  polymer  proceed  less  efficiently.  In  order  to  obtain 
an  optimal  chemical  synthesis  of  peptides,  we  grafted  our  polyethylene  pins 
with  polystyrene  instead  of  polyacrylic  acid.  We  functionalized  the  pins  with 
a  glvcolamide  linker. 

Results  and  Discussion 

In  a  first  experiment,  we  synthesized  10  overlapping  nonapeptides  of  FSH 
on  140  functionalized  polystyrene-grafted  pins  (Table  1).  For  the  synthesis.  Boc- 
amino  acids  and  deprotection  methods  were  used  as  in  the  original  PEPSCAN 
method  [1].  The  deprotected  peptides  were  cleaved  from  the  glycolamide  linker 
in  small  polyethylene  tubes  using  ammonia.  The  peptides  could  be  used  directly 
in  a  bioassay  for  FSH  after  evaporation  of  the  volatile  cleavage  reagents.  In 
the  FSH  bioassay,  Sertoli  cells  in  culture  were  incubated  for  1  h.  The  production 
of  cAMP  in  the  cells  can  be  stimulated  by  the  addition  of  FSH.  Peptides  6- 
8  (Table  1)  corresponding  to  certain  sequences  of  FSH  may  inhibit  this  FSH- 
stimulated  cAMP  production  by  binding  to  the  FSH  receptor  in  agreement  with 
earlier  work  involving  conventionally  synthesized  peptides. 

The  quantities  of  the  peptides,  as  determined  by  AAA  (Table  1),  were  not 
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Table  1 

Inhibition  of  the  effect  of  FSH  on 

cAMP  production 

in  Sertoli  cells  by  peptides “ 

Inhibition' 

No. 

Sequence6 

nmol6 

PEPSCAN 

SPPS 

1 

Ac-NSCELTNIT-NHi 

125 

- 

- 

2 

Ac-NITIAIEKE-NH, 

40 

- 

- 

3 

Ac-KEECRFCIS-NH, 

75 

- 

- 

4 

Ac-ISINITWCA-NH, 

50 

- 

- 

5 

Ac-WCAGYCYTR-NH, 

30 

- 

- 

6 

Ac-AGYCYTRDL-NHi 

25 

+4- 

++ 

7 

Ac-TRDLVYKDP-NH, 

10 

44 

++ 

8 

Ac-DPARPKIQK-NFF 

25 

++ 

++ 

9 

Ac-QKTCTFKEL-NFN 

75 

- 

- 

10 

Ac-ELVYETVRV-NFF 

20 

- 

- 

- 

control 

- 

- 

- 

d  FSH:  100  ng/ml;  peptide:  0.1-1  x  I0'J  mol/I. 
b  nmol  peptide/pin  according  to  AAA. 

c  Peptides  syntheiszed  using  the  PEPSCAN  technique  or  conventional  SPPS. 


as  high  as  expected,  so  we  could  not  dilute  the  crude  products  very  much.  However, 
no  toxic  effects  were  found  in  the  bioassay  for  FSH  even  at  these  low  dilutions 
of  the  crude  peptides  and  even  at  longer  incubation  times  (24  h).  In  order  to 
increase  the  amount  of  peptide  synthesized  on  each  pin,  the  grafting  procedure 
of  the  polystyrene  was  modified.  The  pins  were  functionalized  as  above  and 
used  for  the  synthesis  of  two  sequences  (Ac-TLGSLA  and  Ac-SFFSYGEI-NH;) 
that  react  strongly  with  two  of  our  monoclonal  antibodies  (MAb’s).  One  of 
the  peptides  was  removed  from  the  pins  by  NaOH,  the  other  by  ammonia, 
resulting  in  a  C-terminal  amide.  The  purity  of  the  crude  peptides  was  about 
70%  for  Ac-TLGSLA  and  about  40%  for  Ac-SFFSYGEI-NH2,  according  to 
HPLC  analysis.  HPLC  and  AAA  indicated  that  the  yield  per  pin  was  about 
0.9  mg.  Further,  these  peptides  were  tested  in  a  competition  experiment  with 
mrified  peptides  recognized  by  the  MAb’s,  where  they  showed  the  expected 
ability  to  block  the  binding  of  the  MAb  with  the  antigen. 

References 


I  Geysen,  H.M.,  Meloen.  R.H.  and  Barteling,  S.J..  Proc.  Natl.  Acad.  Sci.  U.S.A..  81  (1984)3998. 

2.  Van  der  Zee.  R.,  Van  Eden,  W.,  Meloen,  R.H.,  Noordzij.  A.  and  Van  Embden,  J.D.A.,  Eur. 
J.  Immunol.,  191(1988)43. 

3.  Maeji,  N.J.,  Bray,  A.M.  and  Geysen  H.M.,  J.  Immunol.  Meth.,  134(1990)23. 


652 


Dihydroorotyl-peptides 


P.J.  Romanovskis 

Experimental  Plant  of  the  Institute  of  Organic  Synthesis.  Latvian  Academy  of  Sciences. 

Riga.  Latvia 


Introduction 


L-Dihvdroorotic  acid  (DHO)  is  a  natural  metabolite  of  living  organisms  in 
the  pathway  of  pyrimidine  biosynthesis  from  aspartate  [1],  Depending  on  the 
orientation  of  its  functional  groups,  DHO  (1)  may  well  act  as  an  iso-functional 
compound  in  relation  to  pyroglutamic  acid  (2);  however,  unlike  the  latter  DHO 
may  well  act  as  a  D-amino  acid  on  the  end  of  a  peptide  chain,  and  therebv 
protect  the  peptide  chain  from  the  aminopeptidase  degradation. 

Therefore  we  have  studied  the  acylation  of  bioactive  peptides  with  DHO  (Fig. 


2 


Results  and  Discussion 

Synthesis  of  DHO  peptides  is  restricted  by  1)  low  solubility  of  DHO  in  organic 
solvents  and  2)  susceptibility  of  DHO’s  2,6-dioxy-4,5-dihydropyrimidine  ring 
to  nucleophilic  agents  [2], 

a)  pGlu  -peptide  b)  AA  -peptide  c)  H  -peptide 

\  \  l 

DHO -peptide  DHO -peptide  DHO -peptide 

Fig.  I.  Acylation  with  DHO.  where,  e.g.  a  -  thyroliberin; 

b  -  [Asn1,  VaP}-angwtensin  If; 
c  -  oxytocin. 

The  most  convenient  derivatives  for  the  addition  of  the  DHO-residue  to  a 
peptide  chain  appears  to  be  the  pentafluorophenvl  trichloroacetate  ester  of  DHO 
or  the  mixed  anhydride  using  EEDQ.  For  the  synthesis  of  deprotected  DHO- 
amino  acids  a  very  convenient  method  of  deprotection  appears  catalytic  hy- 
drogenolysis  or  direct  interaction  of  the  active  ester  derivative  of  DHO  with 
an  unprotected  amino  acid  in  aqueous  organic  solution. 

Synthesis  of  DHO-peptides  includes  addition  of  the  DHO-residue  to  the  peptide 
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1)  BuL-ONO 

OHO-H i e— N2H3  - *  DHO-H i e-Pro-NH2 

2)  H— Pro— NH2 

ch2— co— n2h3 

H2NCONH— CH— CO— H i o— N2H3  - 

H  2NCONH— CH— CO— H i s-P  r  o-NH 2  ♦ - 

I 

CH2— CO— Pro— NH2 

Fig.  2.  Synthesis  of  DHO-containing  peptides  via  the  azide  method. 

chain  by  means  of  OPfP  ester  method,  e.g. 

DHO-OPfP  +  H-R  -  DHO-R 
where  R  =  -His-Pro-NH2 
-oxytocin. 

Synthesis  of  DHO-peptides  includes  also  the  method  of  coupling  a  DHO- 
peptide  to  the  peptide  using  DCC  in  the  presence  of  an  additive  to  suppress 
racemization.  For  example,  to  obtain  [l-DHO',Val5]-angiotensin  II  DHO- 
arginine  was  coupled  with  the  p-nitrobenzyl  ester  of  the  angiotensin  II  C-terminal 
hexapeptide. 

Synthesis  of  DHO-peptides  includes  also  the  method  of  coupling  DHO-peptide 
to  a  peptide  chain  using  the  azide  method,  e.g.  as  in  the  case  of  DHO-thyroliberin 
[3]  (Fig.  2,  route  a). 

The  opening  of  the  6-member  ring  DHO  by  nucleophilic  agents  with  formation 
of  the  corresponding  carbamoyl-aspartic  acid  derivatives  is  the  most  serious 
side  reaction  for  DHO-peptides.  For  example,  when  a  DHO-analog  of  luliberin 
was  cleaved  from  the  resin  by  ethyiamine  solution  in  DMF,  an  ethylamide  of 
the  corresponding  [1 -carbamoyl-aspartic  acid  (0-ethylamide)]-peptide  was  ob¬ 
tained. 

Hydrazinolysis  of  DHO-peptide  esters,  e.g.  methyl  ester  of  DHO-histidine, 
leads  to  the  formation  of  hydrazide  carbamoyl-aspartyl(/J-hydrazide)-histidine 
that  on  subsequent  treatment  (Fig.  2,  route  b)  with  tert-butylnitrite  is  converted 
to  the  corresponding  derivative  with  two  reactive  groups,  ready  to  interact  with 
amines.  This  latter  reaction  provides  the  route  to  use  these  derivatives  as 
bifunctional  reagents  for  derivatization. 
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Introduction 

Efforts  in  these  laboratories  to  develop  fibrinogen  receptor  antagonists  as 
therapeutically  useful  inhibitors  of  platelet  aggregation  have  afforded  potent 
cyclic  peptides  containing  the  -Arg-Gly-Asp-  (RGD)  segment  [1].  Continued 
SAR  studies  have  resulted  in  the  optimally  potent  and  selective  cyclic  heptapeptide 

L-367,073,  Ac-Cys-Asn-Dtc-Amf-Gly-Asp-Cys-OH  (Dtc  =  L-5,5-dimethylthiazo- 
lidine-4-carbonyl;  Amf  =  i  -p-aminomethylphenylalanvl)  [2],  Herein  we  present 
the  large-scale  synthesis  of  L-367,073  undertaken  to  provide  sufficient  material 
for  safety  and  clinical  evaluation. 

Results  and  Discussion 

A  standardized  solid  phase  synthetic  protocol  [1]  employed  to  provide  initial 
quantities  of  L-367,073  for  biological  evaluation  was,  upon  evaluation  for  a 
scaled-up  process,  subject  to  a  number  of  shortcomings.  Aside  from  waste  due 
to  the  usage  of  large  excesses  of  reagents  and  solvents,  and  the  inability  to 
purify  intermediates  at  points  along  the  way,  we  recognized  sequence-specific 
problems:  1)  sluggish  and  incomplete  coupling  of  Asn  onto  resin-linked  Dtc; 

2)  incomplete  removal  of  peptide  from  resin  ascribable  to  the  Cys-resin  linkage; 

3)  lack  of  a  viable  route  to  provide  the  required  quantities  of  protected  Amf. 
We  therefore  devised  an  alternative  stepwise/fragment  condensation  approach 
based  entirely  on  solution  chemistry,  as  detailed  in  Fig.  1.  Material  loss  due 
to  slow  coupling  of  Asn  onto  Dtc  previously  observed  on  solid  support  was 
reduced  by  forming  the  Asn-Dtc  amide  bond  in  fragment  1  in  the  first  coupling 
step.  At  the  final  stage  the  extent  of  a  heretofore  unrecognized  O  — S  rearrange¬ 
ment  of  the  C-terminal  Cys  protecting  group  upon  HF  treatment  was  reduced 
in  the  solution  synthesis.  For  synthesis  of  the  two  key  fragments  1  and  2,  we 
employed  mixed  anhydride  chemistry  based  in  large  part  on  experience  in  prior 
scale-up  efforts  [3];  the  rapidity  and  simplicity  of  operations  proved  decisive 
for  success  in  the  present  effort.  Assembly  of  C-terminal  peptide  proceeded 
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ASSEMBLY  OF  N-TERMINAL  TRIPEPTIDE 


ASSEMBLY  OF  C-TEBMINAL  TETRAPEPTIDE 


Boc  -Die  -O-A 


Boc  —  Gyt  (Prnb)  —OH 


t 


3  coupling  cycles: 

1.  Boc  •  Acn  •  OH  (EDC'HOBO 

2.  Boc-CtKPW*-OH  (no) 

3. 


Ac  •  CyB  (Prr*>)  —  A *n  —  Die  —  OR 


Zn/SO%HOAC  (R  - 


3  coupling  cycles: 

1 .  Boc-A*p(C»u>-OH  (n  o.) 

2.  BocOyCH  (n  o) 

3.  Boc-AnCCbcHDM  (no) 


Boc  -  Ami  (Cbl)  —  Gy  —  A«p  (Chi)  —  Cyo  (Pnr*>)  -O-Bil 

HCI/EOAc.  -lOdeg. 


(PhjPJc  Pd4  (R  -  I-CH.-CH  =CHp 


I 


Ac-  Cys(Pmb)  -  Asn 


•EDO  -  1  (3-dnMhytarrlnaorapyl>-3elhy<cait)odimkt* 


(MCI)  H|N  Gly  -  Asp  (Chx)  -  Cys  (Pmb)  -  O  -  BzJ 
o 

1.  HC8I/0MA  2 

NMM  (pH  6-7) 

2.  EDC*.  24  hr. 


Ac  -  Cys  (Pmb)  -  Asn  -  Dtc  -  Amf  (Cbz)  -  Gly  -  Asp  (Chx)  -  Cys  (Pmb)  -  O  -  Bzl 


I.  HF  /  ani»ot»  (9:1  vhr).  Odeg..  1-iohr. 

2  Biorad  AG3X4  (HOAc)  ion  ax  change 

t 

Ac-  Cys (SH)  -  Asn  •  Dte  -  Amf  -  Gly  -  Asp  -  Cys  (SH)  -  OH  (HOAc) 

1.  PAX*  10 4  mg /mi  {2  L  par  run) 

Z  Core.  NH«OH  (pH  8.5).  Cuwire,  12-20  hr. 
t  X  Prep.  HPLC,  crycializalon 


Fig.  I.  Synthetic  route  for  L-367.073. 
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X  -  M  or  RESM 


Fig.  2.  Proposed  mechanism  of  O  —  S  rearrangement. 

efficiently  from  Boc-Cys(Pmb)-OH  (Fig.  1).  In  the  final  Boc  removal  to  give 
intermediate  2,  it  was  necessary  to  maintain  the  reaction  temperature  below 
-10°C  to  minimize  loss  of  Cbz.  For  the  N-terminal  tripeptide  1,  alternative 
procedures,  which  differed  only  in  the  C-terminal  protecting  moiety  (allyl  vs. 
p-nitrophenyl  ester)  gave  equivalent  yields.  In  the  only  stepwise  coupling  where 
HOBt/carbodiimide  chemistry  was  applied,  Boc-Asn-OH  was  used  in  excess 
to  compensate  for  the  slow  conversion  of  its  activated  form  to  imide  [4]  and 
assure  complete  conversion  to  Boc-Asn-Dtc-OR.  The  needed  quantities  of  Boc- 
L-/?-Amf(Cbz)-PT’  ere  secured  from  L-Phe  by  means  of  acid-mediated  amid- 
omethylation  (tr  be  published).  The  coupling  of  fragments  1  and  2  was  optimized 
in  dimethjia.  wiamide  and  heptapeptide  3  was  isolated  in  high  yield  (78-93%) 
after  sil'ja  gel  column  chromatography.  Partial  racemization  at  Die  was  seen 
during  the  fragment  coupling  if  addition  of  NMM  was  delayed  until  after 
activation  with  EDC.  All  key  intermediates  through  heptapeptide  3  were  obtained 
•n  >98%  purity,  as  determined  by  HPLC.  Overall  yields  were  63%  for  fragment 
1  and  70%  for  fragment  2  (both  12  steps). 

Removal  of  the  five  protecting  groups  in  3  was  accomplished  using  liquid 
HF  at  low  temperature.  Air  oxidation  at  high  dilution  and  direct  passage  through 
preparative  RPHPLC  yielded  final  product  L-367,073  as  crystalline  dihydrate 
reliably  and  reproducibly,  in  the  range  of  60-70%  from  3.  A  major  side  reaction 
under  HF  conditions  was  a  specific  migration  of  the  C-terminal  Cys  benzyl 
from  carboxyl  to  sulfur.  This  result  suggests  a  mechanism  for  rearrangement 
of  Cys-terminal  peptides  under  HF  treatment,  which  can  occur  both  on  solid 
support  and  in  solution,  as  depicted  in  Fig.  2. 

Characterization  of  L-367,073  by  elemental  analysis,  FABMS,  TLC,  HPLC, 
CE,  and  AAA  was  consistent  with  a  final  purity  of  99.8%.  The  NMR  spectrum 
(400  MHz,  DzO),  fully  in  accord  with  the  correct  structure,  indicated  approx, 
a  30 :  70  mixture  of  two  equilibrating  conformers  (presumably  cis  and  trans  Asn- 
Dtc  amide  bond  isomers). 

Summary 

We  have  carried  out  chemical  synthesis  of  the  novel  cyclic  heptapeptide 
fibrinogen  antagonist,  L-367,073,  in  an  overall  yield  of  30-40%  based  on  each 
of  the  starting  amino  acids  for  the  intermediate  fragments,  1  and  2.  The  process 
has  been  used  to  prepare  over  100  g  quantities  of  L-367,073. 
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Introduction 

During  the  last  decade  a  variety  of  resin-linker  combinations  has  been  proposed 
for  the  synthesis  of  protected  peptide  fragments  using  the  mild  Fmoc  strategy 
[1-7].  In  the  convergent  peptide  synthesis  approach  [8]  these  fragments  are  either 
assembled  on  resin  or  in  solution.  The  combination  of  ‘in  solution’  and  ‘on 
resin’  synthesis  represents  a  very  efficient  pathway  towards  peptide  drug  manu¬ 
facture  also  on  a  large  scale. 

We  describe  here  the  synthesis  of  protected  fragments  including  cyclized  ones 
and  hydrazides  and  their  assemblage  in  solution. 

Results  and  Discussion 

As  reported  earlier  the  2-methoxy-4-alkoxy-benzyl  alcohol  resin  (Sasrin™) 
allows  the  synthesis  of  tert-butyl  type  protected  peptides  by  the  Fmoc  strategy 
[9],  Synthesis  on  a  large  scale  of  up  to  250  g  resin  essentially  followed  the  published 
protocol  [9]  but  with  reduced  excess  of  amino  acid  derivatives  (1.5  eq.),  with 
DCC/HOBt  preactivation  and  reduced  cleavage  time  (5  min.,  4  to  8  times). 
We  have  extended  the  scope  of  application  of  Sasrin  by  adopting  the  well 
established  ‘in  solution’  methodology  of  cysteine  oxidation  [10]  to  ‘on  resin’- 
formation  of  disulfide  bridges  (8  eq.  iodine  and  base  in  CHjC^/MeOH/t^O). 
We  also  have  worked  out  a  cleavage  procedure  leading  to  protected  peptide 
hydrazides  [11],  Table  1  shows  some  recent  examples  of  protected  peptide 
fragments  synthesized  on  Sasrin. 

Fragments  obtained  were  either  used  directly  or  purified  preferentially  by 
counter-current  distribution.  The  further  processing  followed  the  ‘in  solution’ 
protocol. 

We  have  applied  the  combination  approach  to  synthesis  of  a-h-CGRP,  a  37 
amino  acid  peptide  amide  [12].  Three  fragments  were  synthesized  on  fairly  large 
scale  on  Sasrin  (0. 6-0.7  meq./g)  while  the  carboxy-terminus  was  prepared  in 
solution  (Table  2). 

Fragments  were  assembled  in  solution  using  DCC/HOSu  (3  eq.  each)  as 
coupling  reagent  in  DMF  overnight.  Crude  products  were  isolated  by  precipitation 
in  almost  quantitative  yields.  Fragment  21-37  and  the  fully  protected  peptide 
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Table  1  Protected  peptide  fragments  synthesized  on  Sasrin 


Fragment 

Yield 

(%) 

Purity 

(%) 

Resin 

(g) 

Boc-Cys-Gly-Asn(*)-Leu-Ser(tBu)-Thr(tBu)-Cys-Met-Leu-Gly-OH 
(human  calcitonin  1-10) 

60 

84 

50 

Boc-Cys-Ser(tBu)-Asn(*)-Leu-Ser(tBu)-Thr(tBu)-Cvs-Val-Leu- 

Gly-OH 

(salmon  calcitonin  1-10) 

60 

75 

250 

Boc-Ala-Cvs-Asp(OtBu)-Thr(tBu)-Ala-Thr(tBu)-Cvs-Val-Thr(tBu)- 
His-Arg(**)-Leu-Ala-Gly-OH  (CGRP  1-14) 

35 

85 

125 

Boc-Ser(tBu)-Val-Ser(tBu)-Glu(OtBu)-Ile-Gln-Leu-Met-His(Trt>- 
Asn-Leu-Gly-OH  (pTH  1-12) 

83 

70 

5 

Boc-Scr(tBu}-Leu-Arg(Mtr)-Arg(Mtr)-Ser(tBu)-Ser(tBu)-Cys(Acm>- 
Phe-Gly-Gly-OH  (ANF  1-10) 

84 

78 

50 

Z-Lys(Boc)-Leu-Ser(tBuFGln-Glu(OtBu)-Leu-NHNH, 

(salmon/eel  calcitonin  11-16) 

97 

95 

5 

Z-His-Lys(Boc)-Leu-Gln-Thr(tBu)-Tyr(tBu)-Pro-NHNH2 
(salmon/eel  calcitonin  17-23) 

97 

95 

5 

*  Unprotected  (or  protected  e.g..  Trt). 
**  Mtr  (or  Pmc). 


1-37  were  purified  by  counter-current  distribution  in  80%  and  60%  yield, 
respectively.  For  Fmoc  deprotection  only  a  small  excess  (2.5  eq.)  of  piperidine 
in  DMF  was  used.  Fmoc  proved  to  be  superior  to  Z  in  this  case  because  of 
easier  deprotection  and  better  solubility  of  the  corresponding  fragments.  The 
crude  product  a-h-CGRP  obtained  after  TFA-cleavage  showed  a  purity  of  80% 
to  85%  in  RPHPLC.  It  was  purified  by  a  combination  of  ion  exchange 
chromatography  and  RP-chromatography  on  C)8  and  finally  exchanged  into 
its  acetate  form  using  a  strongly  basic  ion  exchange  resin.  The  overall  purification 
yield  was  30%.  The  structure  was  confirmed  by  FABMS  and  AAA,  peptide 
content  was  about  86  %.  The  high  purity  level  (>98  %)  was  corroborated  by 
three  different  RPHPLC  systems  and  CM-ion  exchange  HPLC. 


Table  2  Synthesis  of  protected  fragments  e>/ a-h-CGRP 


Fragment 

Method 

Yield 

(%) 

Puritv 

(%) 

Batch  size 

Boc-(i-14)-OH  cyclic 

solid  phase 

35 

85 

1 25  g  resin 

Fmoc-(15-20FOH 

solid  phase 

75 

95 

100  g  resin 

Fmoc-(21-33K>H 

solid  phase 

89 

90 

125  g  resin 

H-(34-37)-NH3 

in  solution 

50 

98 

0.65  mol 
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The  synthesis  of  a-h-CGRP  by  a  combination  of  solid  phase  and  solution 
methods  represents  a  successful  example  of  this  new  approach.  It  is  clearly  superior 
to  the  all-in-solution  synthesis  both  for  chemical  and  economical  reasons. 
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Introduction 

The  sequence  of  Peptide  T,  Ala-Ser-Thr-Thr-Thr-Asn-Tyr-Thr,  identified  in 
an  HIV  isolate,  was  described  for  the  first  time  in  1986  [1],  Peptide  T  and 
analogs  were  synthesized  and  tested  for  their  ability  to  inhibit  viral  infection 
of  human  T  cells  through  the  CD4  receptor.  [p-Ala'j-Peptide  T-amide  has  shown 
promising  results  in  phase  I/II  trials  for  the  treatment  of  neuropsychometric 
symptoms  in  AIDS  patients  and  a  large  phase  II  study  has  just  been  initiated 
in  California  sponsored  by  NIMH. 

Strategy  of  synthesis 

The  synthesis  of  [D-Ala']-Peptide  T-amide  does  not  lend  itself  to  the  enzymatic 
approach.  As  a  consequence  of  this,  the  synthesis  was  planned  as  a  traditional 
chemical  build-up  of  two  tetrapeptides,  with  the  hope  of  joining  them  using 
an  enzyme.  The  outline  of  the  planned  synthesis  is  shown  in  Fig.  1. 

As  can  be  observed  from  Fig.  1,  traditional  peptide  chemistry  is  applied  for 


664 


Large-scale  peptide  synthesis 


Table  1  Chemical  segment  condensation  usingX/Y/NMM 


X 

Y 

%  [D-Thr'.D-Ala 1  ]-Peptide  T-amide 

DCC 

HOBt 

6.7 

BOP 

HOBt 

13.0 

BOP 

PCP 

18.0 

DCC 

HOBt/PCP 

2.9 

DCC 

HOBT/PFP 

4.3 

building  up  the  two  tetrapeptides  though  it  should  be  noted  that  at  no  time 
the  hydroxyl  groups  of  Thr,  Ser  and  Tyr  are  protected  and  only  the  Z  group 
is  used  as  amino  protection  group.  Using  the  Z  group  and  the  consequent  removal 
using  Hi/Pd-C  in  an  industrial  scale  synthesis  of  course  demands  the  investment 
in  a  set-up  of  a  stirred  pressure  reactor  in  which  several  hundred  litres  can 
be  handled.  However,  because  of  the  gentle  handling  of  the  peptide  during  the 
reaction  compared  with  different  acidic  treatment  using  other  amino  blocking 
groups,  it  is  our  experience  that  it  is  the  method  of  choice  whenever  possible. 

Synthesizing  the  two  segments  is  straightforward  although  the  purification 
and  isolation  procedures  for  the  two  tetrapeptides  are  quite  different.  While 
the  C-terminal  tetrapeptide  is  entirely  isolated  and  purified  using  precipitation 
and  crystallization  procedures,  RPHPLC  is  used  for  purification  of  the  N-terminal 
tetrapeptide  followed  by  isolation  by  lyophilization. 

Coupling  of  the  two  segments  was  investigated  using  a  range  of  different 
proteases.  The  highest  yield  obtained  was  45%,  but  was  accompanied  by  extensive 
side-product  formation  due  to  overreaction. 

Normally,  when  a  successful  enzymatic  segment  condensation  can  be  designed, 
high  yields  and  a  pure  reaction  can  be  obtained  [2].  However,  the  attempt  to 
perform  an  enzymatic  segment  coupling  in  this  specific  situation  is  mainly  affected 
by  the  tyrosine  residue  in  the  peptide. 

Turning  to  a  chemical  segment  coupling,  the  occurrence  of  a  problematic 
[D-Thr^D-Ala^-Peptide  T-amide  product  is  of  course  anticipated.  In  Table  1. 
results  from  different  approaches  to  segment  condensation  are  shown. 

The  [D-Thr’.D-Ala'J-Peptide  T-amide  turned  out  to  be  just  as  troublesome 
to  remove  as  expected,  but  changing  the  base  from  NMM  to  DIEA  reduced 
the  undesired  product  to  a  level  of  approx.  1%.  From  this  base,  a  RPHPLC 
system  was  developed  and  by  scanning  through  different  buffer  systems,  it  was 
possible  to  purify  D-Ala'-Peptide  T-amide  into  a  final  purity  of  98.5-99.0%  and 
a  recovery  of  the  final  peptide  product  of  more  than  90%. 
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Introduction 

Yeast  has  several  advantages  as  host  organism  in  the  production  of  therapeutic 
peptides  by  rDNA  technology  [1]:  Yeast  has  a  secretion  system  that  can  be 
used  to  secrete  the  product  to  the  fermentation  broth  from  where  it  can  be 
recovered  after  removal  of  the  unruptured  cells;  yeast  has  the  ability  to  establish 
correct  disulfide  bridges  in  peptides  (provided  they  fold  to  the  correct  structure); 
yeast  secretes  only  a  limited  number  of  proteins  into  the  fermentation' broth 
and  produces  no  pyrogens  or  substances  toxic  to  man;  yeast  can  grow  on  relatively 
simple  and  well  defined  substrates  to  high  cell  densities;  the  existence  of  stable 
plasmid  constructions  allows  fermentations  to  be  run  continuously  when  con¬ 
stitutive  expression  systems  are  used;  and  finally,  the  mechanical  strength  of 
yeast  cells  allows  efficient  stirring  during  fermentation. 

A  drawback  with  veast  is  its  tendency  to  glycosylate  certain  secreted  products 
[!]■ 

At  Novo  Nordisk  biosynthetic  human  insulin  is  produced  by  a  S',  cerevisiae 
based  process.  Other  therapeutic  peptides  in  our  pipeline  produced  in  yeast  are: 
glucagon,  insulin  analogs  (with  tailor-made  action  profiles),  and  aprotinin. 

Results  and  Discussion 

Expression  in  S.  cerevisiae:  The  example  of  insulin 

The  genetic  construction  (plasmids  and  host  modifications)  has  been  described 
elsewhere  [1,2].  Secretion  and  correct  maturation  is  accomplished  by  the  use 
of  a  modified  yeast  secretion  signal  peptide  (the  so-called  a-leader).  The  promoter 
used  is  the  constitutive  promoter  of  the  triose  phosphate  isomerase  (TPI)  gene 
of  Y.  cerevisiae.  The  plasmids  (based  on  the  yeast  2p  plasmid)  are  stabilized 
in  the  host  strain,  which  carries  deletions  in  its  TPI  gene,  by  the  insertion  of 
the  Schizosaccharomyces  pombe  gene  for  TPI. 

The  insulin  is  secreted  as  a  single  chain  precursor  (analogous  to  proinsulin) 
wherein  the  two  chains  of  insulin  are  connected  by  a  very  short  connecting 
peptide.  As  shown  by  Markussen  [3]  such  miniproinsulins  fold  to  the  correct 
structure  even  more  efficiently  than  proinsulin,  and  owing  to  this,  a  correct 
structure,  including  correct  disulfide  bridges,  is  established  before  secretion 
(presumably  in  the  endoplasmic  reticulum). 
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Production  of  human  insulin 

The  stability  of  the  host-vector  system  in  combination  with  the  constitutive 
promoter  allows  the  fermentations  to  be  run  as  continuous  fermentations  for 
3-week  periods  in  80  m3  production  fermenters.  The  fermentation  medium 
contains  yeast  extract  as  a  source  of  trace  metals  and  vitamins.  Inorganic 
potassium,  sulfur,  and  nitrogen  are  supplied  as  salts  and  glucose  or  sucrose 
is  used  as  carbon  and  energy  source.  Sterile  air  is  supplied  in  surplus  (aerobic 
fermentation)  and  carbohydrate  is  the  limiting  component  [1]. 

The  fermentation  broth  is  drawn  continuously  from  the  fermenter  and  after 
removal  of  the  cells  by  centrifugation  the  insulin  precursor  is  collected  on  a 
cation  exchanger,  which  after  saturation  is  eluted  to  give  a  concentrated  solution 
of  insulin  precursor.  The  insulin  precursor  is  crystallized  from  the  solution  in 
a  relatively  pure  state  ( >90%  by  HPLC)  [2]. 

The  single  chain  insulin  precursor  is  converted  to  a  double  chain  human  insulin 
ester  by  a  transpeptidation  reaction  catalyzed  by  trypsin  in  a  medium  of  low 
water  activity  in  the  presence  of  a  surplus  of  a  threonine  ester  [2,4],  The  human 
insulin  ester  is  then  purified  by  several  chromatographic  steps.  The  ester  bond 
of  the  human  insulin  is  cleaved  to  yield  human  insulin  prior  to  the  final  purification 
which  is  preparative  HPLC. 

The  purity  of  the  product  is  >99%  by  analytical  HPLC  and<  1  ppm  of  yeast 
protein  contaminants  as  measured  by  a  yeast  protein  ELISA  [2].  The  absence 
of  yeast  DNA  has  been  shown  by  validation  of  the  purifications  with  respect 
to  DNA  removal.  The  identity  of  the  human  insulin  was  established  by  X-ray 
crystallography  and  is  routinely  monitored  by  HPLC.  AAA  and  peptide  mapping. 

Production  of  human  insulin  has  now  been  running  routinely  for  more  than 
3  years  with  this  process.  During  that  period  overall  yields  have  increased  by 
some  50%  by  fine  tuning  of  the  fermentation  conditions  and  trimming  ot 
purification  losses  without  compromising  the  quality. 

Similar  production  schemes  are  used  for  the  insulin  analogs,  aprotinin.  and 
glucagon  (without  conversion  steps  for  the  single  chain  peptides,  glucagon  and 
aprotinin).  For  peptides  so  far  produced  at  Novo  Nordisk  by  this  method 
fermentation  yields  fall  in  the  range  0-1000  mg/L.  Low  or  zero  yields  may 
be  caused  by  a  misfit  between  secretion  signal  and  peptide  or  improper  folding 
and  crosslinking  of  peptide  molecules  as  accumulation  of  immunoreactive 
material  in  the  cells  is  often  seen  in  such  cases. 

As  evidenced  by  the  identity  and  purity  analyses  glycosylation  has  not  been 
a  problem  in  the  human  insulin  production.  This  is  also  true  for  glucagon, 
aprotinin  and  most  insulin  analogs.  In  a  few  insulin  analogs  we  have  seen  low 
amounts  of  glycosylated  byproducts  which  we  have  been  able  to  remove  in  the 
chromatographic  purification. 

Conclusion 

The  production  experiences  at  Novo  Nordisk  using  yeast  as  a  host  for  insulin 
production  for  more  than  3  years  demonstrates  the  reliability  of  the  used  host- 
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vector  system.  Further,  the  use  of  the  system  for  glucagon,  aprotinin  and  a 
whole  range  of  insulin  analogs  demonstrates  the  versatility  of  the  yeast  system 
in  combination  with  the  accumulated  downstream  processing  know-how.  The 
often  mentioned  tendency  of  yeast  to  glycosylate  products  has  hitherto  not  posed 
severe  problems,  presumably  because  the  expressed  products  are  not  easily 
glycosylated;  but  this  possibility  must  of  course  be  kept  in  mind  when  yeast 
is  selected  for  the  expression  of  new  products. 
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Introduction 

Human  insulin  was  the  first  pharmaceutical  product  to  benefit  from  recom¬ 
binant  technology.  Laboratory  scale  expression  of  the  A  and  B  chains  of  insulin 
was  reported  in  1979  [1],  followed  rapidly  by  processes  for  the  preparation  of 
human  insulin,  either  from  chemical  combination  of  the  A  and  B  chains  [2] 
or  from  proinsulin  [3],  Large  scale  production  of  Biosynthetic  Human  Insulin 
(BHI  or  Humulin™)  began  in  1981.  Humulin™  has  been  available  to  diabetic 
patients  since  1982. 

The  use  of  recombinant  techniques  for  manufacturing  peptides  presented  a 
number  of  challenges.  Issues  of  product  quality,  process  throughput,  and 
regulatory  approval  had  to  be  addressed.  The  development  program  required 
to  solve  these  problems  is  the  subject  of  the  following  discussion. 

Discussion 

The  initial  process  developed  for  large  scaie  production  of  recombinant  human 
insulin  used  the  chain  combination  technology  [2j.  Three  factors  led  to  the 
selection  of  the  chain  route: 

1.  Availability  of  the  recombinant  constructions  for  A  and  B  chain  expression. 

2.  Independent  and  repetitive  purification  of  the  A  and  B  chains,  and  the  final 
product. 

3.  Avoidance  of  enzymatically  generated  ‘insulin-like  by-products’,  a  conse¬ 
quence  of  the  proinsulin  route. 

Aspects  of  the  chain  process  were  derived  from  the  existing  isolation  processes 
for  glandular  insulins.  Other  facets,  such  as  chain  combination,  were  without 
precedent.  The  chain  combination  process  produced  the  first  recombinant 
pharmaceutical  administered  to  patients. 

Though  release  tests  for  insulin  pharmaceuticals  were  available,  it  was 
recognized  that  advances  in  bioanalytical  chemistry  would  have  to  be  considered. 
Most  notable  was  the  use  of  RPHPLC  for  characterization  of  peptide  and  protein 
products.  This  powerful  analytical  tool  had  to  be  incorporated  into  the  product 
profiles  of  both  the  glandular  and  recombinant  products. 

Other  analytical  issues  were  unique  to  BHI.  Since  recombinant-sourced 
pharmaceuticals  were  untested,  purity  and  contaminant  profile  were  significant 
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concerns.  Removal  of  E.  coli  proteins  and  pyrogenic  by-products  were  emphasized 
in  BHI  process  development.  Since  BHI  would  not  be  processed  through  the 
normal  mammalian  cell  processing  and  secretion  pathway,  the  structure  of  the 
final  product  had  to  be  verified.  A  battery  of  tests,  specifically  designed  to  address 
the  unique  aspects  of  recombinant  peptide  production,  was  designed.  Included 
were:  E.  coli  polypeptide  radioimmunoassay,  RPHPLC  identity  and  purity  testing, 
RPHPLC  peptide  mapping,  amino  acid  composition  and  sequence  determination. 

The  first  generation  BHI  process  was  chemically  elegant,  produced  high  quality 
product  and  demonstrated  the  power  of  recombinant  technology.  However,  the 
chain  process  was  not  without  limitations.  Two  fermentations  and  two  CNBr 
reactions  were  required  to  separately  generate  crude  A  and  B  chains,  from  separate 
trp-LE’  fusion  proteins.  A  total  of  79  process  steps  were  required.  It  took  several 
months  to  produce  each  lot  of  BHI.  Total  product  capacity  was  limited  by 
the  large  number  of  process  steps  and  the  time  required  to  produce  each  lot. 
Finally,  demand  for  BHI  steadily  increased  after  its  introduction  to  the  mar¬ 
ketplace  in  1982. 

In  order  to  overcome  these  limitations,  development  continued  on  the  pro¬ 
insulin  process.  The  use  of  proinsulin  offered  the  possibilities  of  improved 
throughput  and  higher  capacity  by  diminishing  the  number  of  processing  steps 
and  time.  Also,  the  proinsulin  process  required  only  one  fermentation  and  one 
CNBr  cleavage  per  lot  of  BHI  produced.  An  added  benefit  of  the  proinsulin 
route  was  the  potential  therapeutic  value  of  proinsulin  itself. 

The  proinsulin  process  which  emerged  is  depicted  in  Fig.  1.  This  process  resulted 
from  three  different  aspects  of  the  development  effort.  First,  it  was  recognized 
that  different  chemical  forms  of  the  precursor  and  product  exist  during  the  process: 
trp-LE'/proinsulin  fusion  protein,  proinsulin  S-sulfonate,  folded  proinsulin,  and 
BHI.  The  process  was  designed  to  take  advantage  of  the  different  chemical 
characteristics  of  these  four  molecules.  Second,  BHI  was  subjected  to  a  multimodal 

Proinsulin  Process 

trp  LE'-MET-Proinsulin 

+  CNBr  Cleavage 

Proinsulin 

*  Oxidative  Sulfitolysis 
Proinsulin  (SS03*)6 

*  Purification  and  Folding 

Crude  Proinsulln 

+  Purification 
Purified  Proinsulin 

+  Enzymatic  transformation 

Crude  Insulin 

* 

Ion  Exchange  Chromatography 

Reversed-Phase  HPLC 
Size-Exclusion  Chromatography 

+ 

Purified  BHI 

Fig.  I.  Process  for  manufacturing  BHI.  Purification  steps  on  final  product  have  been  emphasized 
in  order  to  stress  the  multimodal  nature  of  the  purification  process. 
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purification  strategy.  Crystallization  and  three  different  modes  of  chromato¬ 
graphic  separation  were  employed  to  purify  the  final  product.  Finally,  RPHPLC 
was  developed  for  use  on  a  manufacturing  scale  [4].  The  powerful  resolution 
obtained  with  production-scale  RPHPLC,  coupled  with  characteristic-specific 
process  design,  and  multimodal  purification  of  the  final  product,  addressed  all 
issues  surrounding  proinsulin  technology.  The  development  program  resulted 
in  a  superior  BH1  production  process,  with  regard  to  capacity,  throughput,  and 
product  purity  [4], 

Conclusions 

The  BHI  development  program  has  generated  a  robust  manufacturing  process, 
capable  ot  producing  large  quantities  of  BHI  each  year.  The  BHI  process  has 
continuously  evolved  since  its  inception,  and  this  trend  is  likely  to  continue. 
Historically,  improvements  in  separation  science  have  had  significant  effects  on 
insulin  production.  Displacement  chromatography  [5]  is  an  example  of  a  new 
tool  available  for  BHI  purification.  The  growing  understanding  of  protein 
processing  and  folding  will  also  effect  the  BHI  process,  as  exemplified  by  the 
use  of  ‘A-C-B’  proinsulin  [6]  in  laboratory  scale  BHI  preparation.  The  BHI 
manufacturing  process  of  the  21st  century  will  be  defined  by  continuing 
developments  in  these  and  other  areas  of  protein  science. 
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Introduction 

The  Fmoc/t-Bu  chemistry  has  proven  very  effective  and  suitable  for  SPPS, 
both  with  polystyrene  and  polyamide  supports.  On  laboratory  scale,  the  higher 
cost  of  Fmoc  amino  acids  is  compensated  by  the  superior  quality  of  the  resulting 
peptides  [1],  On  large  scale,  Fmoc  chemistry  avoids  the  use  of  large  amounts 
of  highly  hazardous  chemicals  like  HF.  These  features  have  become  even  more 
attractive  with  the  development  of  instrumentation  and  solid  supports  for  the 
synthesis  under  continuous  flow  conditions,  where  the  various  steps  of  the  process 
are  inherently  more  efficient,  rapid  and  economical  than  in  a  conventional 
batchwise  synthesis  [2], 

Despite  these  distinct  advantages,  no  report  exists  to  date  of  a  large-scale 
synthesis  performed  by  this  approach.  Here  we  describe  the  scale-up  of  the  flow 
synthesis  of  the  peptide  VQGEESNDK  [3],  from  1  g  to  200  g  of  resin. 

Results  and  Discussion 

The  main  object  of  this  study  was  to  evaluate  whether  the  scale  up  of  flow 
synthesis  is  a  straightforward  process,  where  the  small  scale  procedure,  apart 
from  obvious  adjustments  (flow  rate,  column  diameter  etc.)  does  not  need  to 
be  modified  in  any  respect. 

The  target  peptide  was  selected  because  our  findings  could  be  compared  to 
a  large  scale  custom  synthesis  of  the  same  sequence,  performed  with  the  Boc/ 
benzyl  strategy.  This  enabled  us  both  to  compare  the  relative  chemical  efficiency 
of  the  two  strategies  and  to  make  an  estimate  of  the  relative  costs. 

The  synthesis  was  performed  on  a  home  made  instrument  assembled  from 
readily  available  commercial  parts:  a  Waters  590  pump  with  1/4"  head  (flow 
rate  80  ml/min),  Whitey  series  40  stainless  steel  valves,  1/8"  teflon  tubing,  two 
Buchi  460x36  mm  columns;  this  was  completed  with  a  preparative  UV  detector 
and  a  chart  recorder.  The  flow  scheme  was  similar  to  the  basic  assembly  described 
by  Atherton  and  Sheppard  [2].  Small-scale  synthesis  was  performed  on  Biolynx 
4071  (LKB). 

The  handle  was  4-hydroxymethylphenoxyacetic  acid  (DIPC/HOBt  coupling), 
to  which  (Fmoc-Lys)20  was  coupled  in  the  presence  of  DMAP.  For  large  scale. 
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Fmoc-Lys-OH  was  preactivated  with  DIPC  in  DMF,  added  to  the  resin  and 
followed  immediately  by  DMAP.  Racemization  was  low  (<  1  %)  in  both  cases. 
DIPC  and  BOP  activation  gave  comparable  results;  on  economic  grounds,  the 
former  was  selected  for  large  scale.  Twofold  excess  of  activated  species  was 
used  throughout.  All  couplings  were  complete  at  the  end  of  the  allotted 
recirculation  period  (30  min).  The  sequence  is  acid-sensitive,  which  may  explain 
the  poor  quality  of  the  crude.  HF  cleaved  commercial  peptide.  In  fact,  standard 
cleavage  with  959?-  aqueous  TFA  (2  h.  room  temperature)  led  to  formation  of 
a  major  impurity,  whose  amount  increased  upon  incubation  of  the  peptide  in 
dilute  aqueous  acid.  Cleavage  was  therefore  achieved  by  a  quick  treatment  (8 
min)  with  12  M  HC1  at  0°C;  the  resin  was  filtered  and  washed  with  ice-cold 
water,  the  filtrate  was  cooled  to  -70°C  and  immediately  Ivophvlized.  For  large 
scale,  after  quick  removal  of  most  of  the  acid  under  vacuum,  the  solution  was 
neutralized  (NFL)  prior  to  freeze-drying.  Use  of  HC1,  an  inexpensive  chemical 
compared  to  TFA,  substantially  decreases  the  cost  of  the  Fmoc/t-Bu  chemistry, 
while  improving  the  quality  of  the  crude  product.  Surprisingly,  the  handle  is 
partially  released  from  the  resin  during  acid  treatment.  It  is  easily  recovered 
as  a  pure  material  in  the  same  chromatographic  process  which  yields  the  pure 
peptide  [4],  and  may  be  recycled. 

Large-scale  synthesis  was  performed  manually,  each  acylation  being  monitored 
with  the  usual  tests.  No  variation  in  both  coupling  and  Fmoc  cleavage  kinetics 
was  apparent.  The  assembly  yielded  14.78  g  of  crude  peptide  material.  The  resin 
can  also  be  successfully  recycled;  the  assembly  was  repeated  on  1  g  of  resin 
coming  from  large  scale,  after  sequential  washes  with  water.  MeOH  and  DMF, 
and  gave  identical  results. 

When  we  compared  the  cost  of  the  product  obtained  from  How  polyamide 
with  the  commercial  price  of  the  customlv  synthesized  crude  peptide,  we  obtained 
a  ratio  o(  0.5,  an  indication  that  the  true  economics  of  the  two  processes  are 
at  least  comparable.  For  this  peptide,  this  is  largely  due  to  the  different  quality 
of  the  resulting  products  (859F  versus  429f  target  peptide  in  the  crude). 
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Introduction 

For  drug  development  and  manufacture  of  peptide  hormones,  signal  peptides, 
enzyme  substrates,  and  their  respective  antagonists  or  mimetics,  cost-effective 
production  methods  at  kilogram  scale  are  required.  SPPS  is  considered  the 
technology  of  choice  when  two  limitations  are  overcome:  a)  incomplete  trans¬ 
formations  in  chain  elongation,  and  b)  most  hazardous,  destructive  and  en¬ 
vironmentally  difficult  to  handle  conditions  at  production  scale  for  the  peptide 
release  from  solid  support  at  production  scale.  We  have  eliminated  this  second 
limitation  by  the  development  of  the  hydroxycrotonoyl  amidomethyl  linker 
(HYCRAM™)  in  solid  phases.  In  the  Merrifield  peptide  synthesis  employing 
HYCRAM  supports  (polystyrene,  polyacrylamide)  all  current  protecting  group 
strategies  can  be  applied,  because  release  of  the  peptide  from  solid  phase  does 
not  require  any  aggressive  chemical  treatment.  Instead,  very  mild  Pd°  (triphenyl 
phosphane)4  catalysis  in  the  strict  absence  of  oxygen  delocalize  the  rr-electrons 
of  the  allylic  double  bond,  thus  pushing  the  peptide  carboxylate  out  of  the  linkage 
with  the  solid  phase  at  neutral  conditions  [1],  Fig.  1. 

Results  and  Discussion 


Here,  we  report  on  the  application  of  this  new  HYCRAM  technology  at 


.jCT}  .  0 

...  11  r  r  ii  ii  ^ 

P0ptId0-O4-CH/»CH»CH-C-NH-CHrCHrO-NH-CHr  |§ 

Pd°  (R)3  +  R 

Of]  0  0 

II  \  /  II  II 

pcptldO-C-OH  +  n-ch2*ch=ch-c-nh-ch2-ch2-c-nh-ch2-II 

Fig.  I.  HYCRAM™  release  technology  in  SPPS. 
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Fig.  2.  Analytical  data  on  pharmaceutical  eledoisin  a)  RPHPLC.  b)  HPCE.  c)  FABMS. 

production  scale,  exemplified  in  the  preparation  of  100  g  batches  of  Eledoisin. 
pGlu-Pro-Ser-Lys-Asp-Ala-Phe-Ile-Gly-Leu-Met-amide  for  pharmaceutical  pur¬ 
poses.  Production  was  started  from  175  g  Boc-Met-HYCRAM  resin  (0.95 
mmol/g).  From  the  C-terminus  up  to  Ala  (residue  6)  Boc  chemistry  was  employed 
with  double  coupling  at  two  fold  excess  with  HOBt/DIC.  Further  couplings 
in  the  1 1  residues  peptide  were  continued  on  Fmoc/tert-butvl  strategy  at 
conditions  as  above,  thus  demonstrating  the  versatility  of  the  HYCRAM  linker, 
compatible  with  any  of  the  current  protecting  group  combinations. 

The  production  was  monitored  throughout  employing  the  ninhvdrin  Kaiser 
test.  Only  Boc-Ile  onto  Gly-Met-HYCRAM  required  a  recouple  to  become 
ninhvdrin  negative.  pGlu  was  coupled  as  such  under  conditions  as  above.  Total 
yield  of  protected  Eledoisin  on  HYCRAM  was  92%  of  theoretical.  By  application 
of  the  catalytic  release  technology  in  DMSO/dimethylformamide  (1:1,  v/v) 
containing  morpholine  to  take  over  the  allylic  moieties  after  bond  Fission  [2] 
a  total  of  195  g.  (98%  of  theoretical)  protected  Eledoisin  was  isolated.  This 
was  completely  converted  into  the  amide  by  HOBt/DIC  activation  and  reaction 
with  NH,  gas  in  tetrahydrofuran.  After  deprotection  (1  N  HC1  gas/acetic  acid) 
precipitation  in  ether  and  large  scale  chromatographic  purification  on  RP-silica, 
142  g  (72  %  overall  yield)  were  obtained  pure  (>99  %)  as  assessed  by  RPHPLC. 
HPCE.  AAA,  FABMS.  D/L-enantiomers,  water  and  residual  solvent  content 
(Fig.  2.  a-c). 
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Introduction 

Neutralizing  antibodies  have  played  a  major  role  in  vaccine  development.  For 
HI  V- 1 ,  the  principal  targets  for  neutralizing  Abs  are  found  in  the  external  envelope 
protein  [1,2].  We  and  others  have  shown  that  the  principal  neutralizing  de¬ 
terminant  (PND)  of  the  virus  is  located  within  a  closed  disulfide  loop  corre¬ 
sponding  to  a  highly  variable  domain  of  the  protein  called  V3.  We  show  here 
that  a  nine  amino  acid  peptide  from  the  tip  of  the  loop  is  sufficient  to  elicit 
neutralizing  Abs  equivalent  to  that  of  the  complete  envelope  proteins.  Fur¬ 
thermore,  a  six  amino  acid  sequence  within  this  peptide  can  elicit  broadly 
neutralizing  Abs 

Results  and  Discussion 

By  a  series  of  gene  constructions,  the  complete  envelope  protein  of  HIV- 
1  was  reduced  in  size  and  expressed  in  E.  coli  and  baculovirus.  Animals  (goats 
and  guinea  pigs)  were  immunized  with  the  purified  proteins,  and  sera  were 
obtained.  The  neutralizing  region  of  gp  1 60  was  traced  to  a  24  amino  acid  synthetic 


Fig.  /.  Major  neutralizing  domain  of  HIV-1.  The  sequence 
is  between  amino  acids  301-341  in  one-letter  code  numbered 
according  to  a  described  system,  and  the  cysteines  are  joined 
by  a  disulfide  cross-bridge.  The  sequence  of  RP 135  is  denoted 
by  boldface  letters  (NN—  IG);  this  sequence  is  derived  from 
the  BH 10  done  of  the  HTLV-IlIB  isolate. 
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Table  1  Neutralizing  and  fusion  inhibition  titers  of  the  gp!60  and  PND  peptides  sera 
corresponding  to  J1IB  isolate 


Peptide 

Sequence 

Fusion 

inhibition 

titer 

Neutralizing 

titer 

gpl60 

Complete  envelope 

80 

2560 

RP135 

NNTRKS1RIQRGPGRAFVTIGK 

40 

1560 

RP337 

KSIRIQRGPGRAF 

20 

2560 

RP335 

1QRGPGRAF 

160 

2560 

RP79 

QRGPGRAF 

10 

190 

peptide  called  RP135  (Fig.  1).  This  peptide,  after  being  crosslinked  to  KLH, 
elicited  neutralizing  Abs  with  a  titer  similar  to  that  of  gpl60.  By  synthesizing 
a  series  of  smaller  peptides,  we  observed  that  a  nine  amino  acid  peptide  from 
the  tip  of  the  loop  can  completely  block  gpl60  neutralization  activity.  Fur¬ 
thermore,  this  peptide  elicited  neutralizing  Abs  equivalent  to  those  of  gpl60 
and  RP135  (Table  1)  [3,4]. 

Analysis  of  PNDs  from  245  viral  isolates  obtained  from  infected  individuals 
demonstrated  that  the  most  predominant  isolates  in  the  U.S.  are  those  of  the 
MN-type  [5].  RP142  is  a  24  amino  acid  peptide  similar  to  RP135  derived  from 
MN  isolate.  Although  MN  and  IIIB  are  divergent  isolates,  we  found  out  that 
in  1/3  of  guinea  pigs  immunized  with  RP142,  the  sera  also  neutralized  IIIB. 
Furthermore,  a  13  amino  acid  peptide  from  RP135  (RP337)  elicited  Abs  which 
neutralized  both  IIIB  and  MN,  again  in  1/3  of  the  guinea  pigs.  An  examination 
of  the  two  sequences  showed  that  the  common  sequence  was  the  six  amino 
acids,  GPGRAF.  Consequently  a  trimer  of  GPGRAF  was  synthesized  and 
crosslinked  to  KLH.  Two  rabbits  immunized  with  this  immunogen  elicited  Abs 
which  neutralized  both  IIIB  and  MN.  In  addition  the  sera  neutralized  the  field 
isolates  which  contained  GPGRAF  in  their  PNDs  (Table  2).  Since  GPGRAF 
is  present  in  approximately  60%  of  all  the  isolates  obtained  from  infected 
individuals  analyzed  so  far,  we  conclude  that  the  PND  has  the  potential  of 
eliciting  broadly  neutralizing  antibodies  [5,6]. 

Table  2  Titers  of  antipeptide  sera  for  neutralization  of  HIV-l  field  isolates.  A  part  of 
the  sequence  of  the  PND  of  each  viral  isolate  used  the  neutralization  assays  is  shown.  These 
isolates  were  obtained  from  patients  infected  with  HIV 


Isolate 

PND  sequence 

Anti-337 

(g48) 

Anti- 142 
(g89> 

Anti-116 

(R374) 

Anti-1 16 
(R375) 

(6587-5) 

IHIGPGRAFH 

940 

2560 

>  2560 

2560 

(7887-3) 

IRIGPGRAIL 

_ 

15 

- 

- 

(6587-3) 

LSIGPGRSFY 

- 

28 

- 

- 

(4489-5) 

IPIGPGRAFY 

390 

>  2560 

1500 

800 

(RF) 

ITKGPGRVIY 

- 

_ 

_ 

- 

(MN) 

IHIGPGRAFY 

>2560 

>2560 

"00 

1600 

(IIIB) 

IQRGPGRAFV 

800 

1400 

1700 

460 
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Introduction 

Reverse  transcriptase  (RT)  is  a  multifunctional  retroviral  encoded  enzyme  with 
both  DNA  polymerase  activity  and  a  ribonuclease  activity  (RNase  H)  specific 
for  RNA  in  RNA/DNA  hybrid  form.  HIV-1  RT  is  a  heterodimeric  molecule 
consisting  of  p51  and  p66  subunits  having  identical  N-termini.  The  heterodimer 
presumably  results  from  asymmetric  processing  of  a  p66/p66  precursor  by  HIV- 
1  protease.  Comparison  of  primary  amino  acid  sequences  for  HIV-1  RT  and 
for  E.  coli  RNase  H  reveals  significant  homology  involving  residues  comprising 
the  C-terminal  quarter  of  p66  [  1  ].  Some  of  us  have  expressed  a  C-terminal  fragment 
of  HIV-1  RT  spanning  residues  homologous  to  E.  coli  RNase  H  (Fig.  1)  but 
the  domain  is  inactive.  However.  RNase  H  activity  can  be  reconstituted  in  vitro 
by  combining  this  domain  with  the  isolated  polymerase  domain,  p51  [2],  These 
results  indicate  that  domains  of  HIV-1  RT,  although  structurally  distinct,  are 
functionally  interdependent,  a  conclusion  also  supported  by  mutagenesis  studies 
[3].  In  an  attempt  to  further  refine  our  understanding  of  SAR  for  HIV-1  RT 
and  to  provide  a  three-dimensionai  framework  for  the  design  of  RNase  H  directed 
inhibitors,  we  have  crystallized  and  solved  the  X-ray  structure  of  a  C-terminal 
domain  from  HIV-1  RT  at  2.4  A  resolution  [4], 

Results  and  Discussion 

The  overall  polypeptide  backbone  folding  for  the  RNase  H  domain  of  HIV-1 


427 
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Fig.  1,  Schematic  representation  ot  the  subunits  in  heterodimeric  HIV-IRT.  The  structure  reported 
here  begins  at  Tyr> •’ 
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Fig.  2.  a-Carbon  backbone  of  the  RNase  H  domain  ot  Htl  - 1  RT.  a-Helices  and  fl-slrands  are  labeled 
as  are  the  A-  and  C-termmi.  The  dashed  line  represents  residues  538-5J2  that  are  disordered  in  this 
structure. 


is  shown  in  Fig.  2.  The  protein  consists  of  a  five-stranded  central  (3- sheet 
surrounded  by  four  a-helices.  The  structure  is  similar  in  many  respects  to  that 
recently  reported  for  E.  coli  RNase  H  [5.6]  even  though  only  32  amino  acids 
are  identical  when  the  two  sequences  are  aligned  according  to  geometrical 
equivalence.  Important  differences  that  are  probably  functionally  significant  occur 
in  the  connecting  regions  between  aB  and  aD  and  between  (35  and  aE.  Helix 
aC  and  12  succeeding  amino  acids  in  E.  coli  RNase  H  are  replaced  in  the  retroviral 
protein  by  a  short  stretch  of  five  amino  acids  connecting  aB  and  aD.  A 
conformationally  rigid  well  ordered  loop  connecting  (35  to  aE  is  replaced  in 
HIV-1  RNase  H  by  a  sequentially  non-homologous  highly  flexible  loop  of  equal 
length  for  which  we  see  no  ordered  electron  density.  Both  of  these  connecting 
sequences  are  adjacent  to  a  shallow  U-shaped  groove  which  traverses  one  face 
of  the  protein  and  most  probably  is  the  binding  site  for  hybrid  RNA/DNA 
heteroduplex.  It  is  likely  that  these  aforementioned  differences  are  related  to 
the  inability  of  the  isolated  HIV-1  RNase  H  domain  to  catalyze  substrate 
hydrolysis  probably  because  of  a  compromised  ability  to  bind  substrate.  This 
implies  that  one  or  both  polymerase  domains  of  the  RT  heterodimer  have  a 
functional  role  in  binding  heteroduplex  in  order  to  facilitate  RNase  H  mediated 
cleavage. 
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Metal  ions  are  essential  for  RNase  H  activity.  Using  difference  Fourier  methods, 
we  have  identified  binding  sites  for  two  divalent  cations  in  a  shallow  pocket 
surrounded  by  seven  residues,  including  a  cluster  of  four  carboxyiate  side  chains, 
that  are  conserved  in  all  RNases  H  of  known  primary  sequence.  The  overall 
geometry,  amino  acid  composition,  and  metal  binding  properties  of  this  pocket 
are  remarkably  similar  to  those  found  for  the  3',  5'-exonuclease  domain  of  DNA 
polymerase  I.  This  suggests  that  both  hydrolysis  reactions  may  occur  by  a  similar 
mechanism  in  which  a  metal  activated  hydroxyl  ion  attacks  a  pentacoordinate 
phosphorus  intermediate  [4,5,7]. 
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Introduction 

Arginine-rich  regions  are  found  in  many  RNA-binding  proteins  and  have  been 
proposed  to  mediate  specific  RNA  recognition.  The  Tat  protein  from  HIV-1 
contains  such  a  region  which  mediates  specific  binding  to  an  RNA  stem-loop 
structure  known  as  TAR.  RNA  binding  is  essential  for  Tat  to  function  as  a 
transcriptional  activator. 

Results  and  Discussion 

To  map  the  regions  of  Tat  important  for  RinA  binding,  we  first  examined 
a  set  of  synthetic  peptides,  previously  used  to  define  regions  of  Tat  essential 
for  transcriptional  activation,  for  RNA-binding  [1J.  A  peptide  containing  the 
arginine-rich  region,  residues  38-58,  specifically  bound  to  TAR  RNA.  A  shorter 
12  residue  peptide.  Tat  47-58,  also  bound  specifically,  with  a  1 :  1  peptide/RNA 
stoichiometry.  To  define  amino  acids  within  Tat  47-58  that  might  be  involved 
in  the  interaction,  we  synthesized  and  assayed  a  series  of  mutant  peptides  (Table 
1).  Peptide  synthesis  used  the  Fmoc/BOP+  HOBt  rapid  activation  strategy,  and 
used  either  a  PAL-polystyrene  resin  or,  for  the  more  complex  sequences,  a  new 
PAL-PEG-PS  resin  recently  developed  by  G.  Barany  and  collaborators.  Peptides 
as  complex  as  YRI5A  were  obtained  in  excellent  purity  on  PEG-PS. 

The  results  of  Table  1  indicate  that  the  overall  charge  density  of  the  Tat 
basic  region  is  important  for  RNA  binding  but  that  the  sequence  requirements 
are  surprisingly  flexible.  For  all  peptides  except  K9,  binding  specificity,  determined 
by  measuring  binding  to  both  wild-type  TAR  RNA  and  to  a  mutant  containing 
a  3  nucleotide  UCU  bulge  deletion,  correlated  with  the  measured  affinities.  A 
set  of  plasmids  encoding  mutant  Tat  proteins  was  constructed.  This  set  included 
several  of  the  single  and  double  Ala  and  Lys  mutations,  as  well  as  the  scrambled- 
2  and  K9  and  R9  sequences.  Plasmids  were  transfected  into  HeLa  cells  which 
contained  an  HIV-1  LTR  chloramphenicol  acetyltransferase  (CAT)  reporter  and 
transactivation  activity  was  measured.  A  strong  correlation  was  found  between 
in  vitro  RNA  binding  by  the  arginine-rich  Tat  peptides  in  vitro  and  transactivation 
activity  of  the  full-length  mutant  proteins  in  vivo. 

To  further  explore  the  sequence  flexibility  of  the  Tat  basic  region,  we  took 
advantage  of  the  low  level  of  transactivation  achieved  by  the  K9-containing  protein 
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and  systematically  replaced  the  lysines  in  K9  with  arginines  in  order  to  determine 
positions  at  which  arginine  side  chains  are  essential.  Every  combination  of  lysine 
and  arginine  was  made  at  positions  49,  52,  53,  and  57  (mutating  from 
KKKKKKKKK  to  RKKRRKKKR)  and  transactivation  activity  was  measured. 
Remarkably,  a  single  arginine  at  positions  52  or  53  restored  transactivation  to 
wild-type  levels.  In  a  further  series  of  mutants,  a  single  arginine  was  introduced 
to  replace  each  lysine  in  the  Kg  protein.  The  results  are  shown  in  Fig.  1.  The 
optimal  location  of  the  arginine  is  at  position  52  or  53,  with  activity  decreasing 
as  the  arginine  is  moved  toward  the  ends  of  the  basic  region.  Gel  shift  assays 
with  an  R52  and  an  R53  peptide  showed  that  affinity  and  specificity  were  restored 
to  wild-type  levels  by  the  addition  of  a  single  arginine  (Table  1).  The  trans¬ 
activation  and  RNA-binding  results  reported  here  are  consistent  with  the 
hypothesis  that  a  single  arginine  surrounded  on  each  side  by  3  or  4  basic  amino 
acids  is  all  that  is  required  for  specific  recognition  of  TAR  RNA. 

Ethylation  interference  experiments  were  performed  with  the  R52.  R53.  K<>. 
and  wild-type  peptides.  Modification  of  two  phosphates  located  at  the  5'  end 
of  the  3  nucleotide  bulge  (between  A22  and  U23,  and  U23  and  C24)  interfered 
with  binding  of  R52,  R53,  and  the  wild-type  peptide  but  not  with  K9.  These 
results  suggest  that  the  single  arginine  in  R52  and  R53  simultaneously  contacts 
these  two  adjacent  phosphates.  Molecular  modeling  shows  that  a  single  arginine 
can  form  a  favorable  interaction  with  two  phosphates  by  forming  a  network 
of  H-bonds.  In  this  arginine  fork  model,  the  phosphates  are  separated  by  7.1  A. 
Such  arrangements  of  phosphates  cannot  be  accommodated  in  A-form  RNA 


Arginine  (position) 

Fig.  I.  The  basic  region  of  Tat  was  replaced 
by  eight  lysines  and  a  single  arginine  located 
at  the  positions  indicated  and  transactivation  was 
measured  by  the  CAT  reporter  assay. 


fork. 
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Table  1  Dissociation  constants  for  Tat  peptide/TAR  RNA  binding  using  an  RNA  mobility 
gel  shift  assay 


Peptide 

Sequence 

Kd(x  lO-^M) 

38-58 

F1TKALG1SYGRKKRRQRRRP 

6 

47-58 

YGRKKRRQRRRP 

6 

Ala5-’.  47-58 

YGRKKARQRRRP 

10 

Ala".  47-58 

YGRKKRAQRRRP 

12 

Ala".  47-58 

YGRKKRRARRRP 

5 

Ala".  47-58 

YGRKKRRQARRP 

12 

Ala".  47-58 

YGRKKRRQRARP 

12 

Ala"  Ala5'.  47-58 

YGRKKAAQRRRP 

>  100 

Lvs"Lys",  47-58 

YGRKKKKQRRRP 

13 

Ala"Ala5\  47-58 

YGRKKRRQAARP 

>  100 

l.ys"Lvs".  47-58 

YGRKKRRQKKRP 

4 

Ala  "A  la".  47-58 

YGRKKARQARRP 

100 

Ala"Ala5\  47-58 

YGRKK.ARQRARP 

ioo 

Ala5'Ala‘\  47-58 

YGRKKRAQARRP 

>  100 

Ala" Ala'1'.  47-58 

YGRKKRAQRARP 

>  100 

62-48 

SGQPPRRRQRRKKRG 

6 

Scrambled- 1 

YRKRRQRRGKRP 

4 

Scrambled-2 

YRKRGRQRRKRP 

3 

K„ 

YKKKKKKKKKA 

>  50* 

R" 

YKKKRKKKKKA 

9 

R5' 

YKKKK.RKKKKA 

9 

R, 

YRRRRRRRRRA 

8 

SIV  76-91 

YEKSHRRRRTPKKAKA 

6 

Rev  34-50 

TRQARRNRRRRWRERQR 

2 

*  Nonspecific  binding. 


but  can  occur  at  junctions  between  double-stranded  A-form  RNA  and  bulges 
or  loops,  similar  to  the  arrangement  of  phosphates  in  TAR  identified  by  the 
ethylation  interference  experiments,  interestingly,  a  similar  interaction  of  arginine 
is  found  in  the  co-crystal  structure  of  Gin  fRNA  with  tRNA  synthetase  [2]. 
In  this  case,  an  additional  H-bond  is  formed  with  a  ribose  2'-hvdroxvl;  this 
interaction  may  also  be  present  in  the  Tat-TAR  complex.  Although  base-specific 
or  other  contacts  cannot  be  ruled  out.  it  seems  reasonable  that  the  modest  10- 
to  20-fold  specificity  of  Tat  binding  to  TAR  can  be  accounted  for  by  the  proposed 
lork-like  contacts  between  a  single  arginine  and  a  pair  of  highly  oriented 
phosphates.  This  modest  specificity  does  not  account  for  the  high  specificity 
of  Tat  in  vivo,  and  other  interactions,  perhaps  with  cellular  proteins,  are  probably 
involved.  Further  discussion  of  the  role  of  arginine-mediated  recognition  of  RNA 
structure  will  be  found  elsewhere  [3.4], 
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Introduction 

Amphipathic  a-helices  (AH)  with  large  hydrophobic  moments  tend  to  seek 
the  boundary  between  a  nonpolar  and  an  aqueous  phase  with  their  nonpolar 
chains  forming  hydrophobic  interactions  with  the  nonpolar  (hydrophobic)  face 
and  their  polar  side  chains  exposed  to  the  aqueous  face.  The  envelope  glycoprotein 
of  human  immunodeficiency  virus  (HIV)  contains  two  amino  acid  segments  (768- 
788  and  826-854)  with  very  large  helical  hydrophobic  moments  (0.52  and  0.70, 
respectively;  normalized  GES  scale)  near  the  carboxy-terminus  of  HIV-1  gpl60 
[1].  Similar  segments  with  large  hydrophobic  moments  are  conserved  in  different 
HIV-1  isolates,  as  well  as  HIV-2  and  SIV  [2],  The  large  hydrophobic  moments 
of  these  segments  and  their  position  within  the  protein  sequence  suggest  a 
possibility  of  an  as  yet  unidentified  membrane  related  function.  We  have 
synthesized  a  peptide  corresponding  to  residues  768-788  of  HIV-l/WMJ  gpl60 
and  investigated  its  membrane-associating  properties  and  its  effect  on  virus- 
induced  cell  fusion.  The  analog  Ac-gpl60(768-788)-NH2  was  also  studied  in 
order  to  alleviate  the  problems  with  end-effects. 

Results  and  Discussion 

The  lipid  binding  properties  of  the  protected  and  free  forms  of  the  putative 
amphipathic  helical  domain,  gp  160(768-788),  are  summarized  in  Table  1.  The 
CD  spectra  of  the  peptides  displayed  minima  at  222  and  208  nm  in  buffer  (PBS), 
characteristic  of  an  a-helical  peptide.  The  helicity  increased  in  the  presence  of 
dimyristoyl  phosphatidylcholine  (DMPC)  and  in  trifluoroethanol  (TFE),  similar 
to  a  lipid-associating  AH  peptide.  The  peptides  disrupted  phospholipid  vesicles 
leading  to  leakage  of  entrapped  dye  from  egg  PC  liposomes.  Both  peptides  clarified 
multilameilar  vesicles  of  DMPC.  Electron  microscopy  of  the  peptide-DMPC 
solution  suggested  the  formation  of  peptide-DMPC  complexes.  The  peptides 
were  effective  in  the  lysis  of  erythrocytes,  a  property  characteristic  of  lytic  peptides 
[3].  Together,  these  results  suggest  that  peptides  associate  with  and  disrupt  lipid 
bilayers.  Compared  to  gp  160(768-788),  Ac-gpl60(768-788)-NH2  has  a  greater 


688 


Viruses  and  vaccines 


Table  1  Properties  of  synthetic  amphipathic  peptides  from  HIV  gpI60 


Properties 

Ac(768-788)NH, 

768-788 

CD  spectroscopy-1 

TFE 

60 

41 

PBS 

27.3 

20 

DMPC 

41.4 

32.3 

Dye  leakage  from  PC  liposomesb 

LDioo 

0.09 

0.3 

Erythrocyte  lysisb 

LDioo 

6.3 

25 

1  Helicitv. 

b  Minimum  peptide  concentration  (^iM)  required  tor  I009J  lysis. 


a-helical  content,  in  buffer,  in  DMPC  as  well  as  in  TFE.  This  observation  is 
in  agreement  with  the  studies  done  with  model  peptides  [4], 

Earlier,  we  reported  that  AH  peptide  analogs  of  apolipoprotein  A-I  (apo  A- 
I)  associate  with  membranes  and  inhibit  cell  fusion  induced  by  enveloped  viruses 
including  HIV  [5-7],  Furthermore,  it  was  found  that  the  inhibition  of  cell-fusion 
was  dependent  on  the  position  of  positively  charged  residues  on  the  polar  face 
of  the  AH.  The  AH  of  apo  A-I  is  zwitterionic;  because  of  the  cationic  nature 
of  the  AH  regions  of  HIV  gpl60  sequences,  we  decided  to  study  the  effects 
of  gpl60  peptides  on  HIV-induced  cell  fusion.  Fusion  inhibition  was  studied 
in  HeLa  T4  cells  infected  with  a  recombinant  vaccinia  virus  expressing  the  HIV-1 
envelope  glycoproteins.  Inhibition  of  HIV-induced  cell  fusion  was  observed  at 
a  concentration  of  -50  /aM  of  gp  1 60(768— 788)  and  Ac-gpl60(768-788)-NH;.  At 
higher  concentrations  (>  100  the  peptides  were  toxic  to  the  cultured  cells. 
We  also  studied  the  effects  of  these  peptides  in  cell  fusion  induced  by  herpes 
simplex  virus  (HSV-1,  strain  MP).  Both  the  peptides  effectively  inhibited  HSV- 
induced  cell  fusion  and  showed  1009f  inhibition  at  a  concentration  of  -1  /uM. 

In  a  recent  review,  Segrest  et  al.  [3]  have  classified  biologically  active  AH 
into  seven  classes.  They  observed  that  the  HIV  gpl60  AH  most  closely  resemble 
class  K  AH,  the  calmodulin-binding  domains  of  the  calmodulin-regulated  protein 
kinases.  Unlike  class  K  AH,  the  HIV  gpl60  AH  have  a  high  mean  hydrophobic 
moment  and  a  high  mean  hydrophobicity  per  residue  of  nonpolar  face.  Segrest 
et  al.  [3]  therefore  speculated  that  gpl60  as  a  part  of  its  biological  role  may 
interact  with  and  inhibit  calmodulin.  Consistent  with  these  predictions  we  found 
that  Ac-gpl60(768-788)-NHi  binds  to  dansyl-calmodulin. 

We  are  currently  studying  the  properties  of  gp  1 60(826—854).  Preliminary  results 
indicate  that  the  properties  of  gp  160(826—854)  are  very  similar  to  that  ot 
gp  160(768-788). 

It  is  presently  not  clear  whether  these  C-terminal  segments  associate  with 
the  membrane  when  present  as  a  part  of  viral  glycoprotein.  Studies  on  the  topology 
of  HIV-1  gpl60  and  chimeric  anchor-minus  HSV  gD  envelope  glycoproteins 
that  contain  C-terminal  gp41  sequences  suggest  that  the  AH  segments  of  HIV 
gp!60  may  associate  with  membranes  [8,9).  Membrane  association  of  the  AH 
segments  may  lead  to  changes  in  membrane  fluidity  and  modulate  membrane- 
related  events  (e.g.,  virus  budding  or  cell  fusion)  in  life  cycle  of  HIV.  The  peptide 
analogs  of  gpl60  inhibit  virus-induced  cell  fusion.  Mutant  HIV  envelope  proteins 
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with  truncated  cytoplasmic  sequences  show  a  greater  syncytium-forming  ability; 
one  mutant  HIV  envelope  protein  carrying  an  extensive  C-terminal  deletion  was 
capable  of  inducing  fusion  of  CD4  +  murine  cells,  which  are  usually  refractory 
to  HIV-induced  cell  fusion  [10].  Together,  these  results  suggest  that  the  AH 
segment  in  gpl60  may  modulate  the  extent  of  cell  fusion  observed  in  HIV- 
infected  cultures. 
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Introduction 

Feline  leukemia  virus  (FeLV)  and  its  mutants  have  much  in  common  with 
HIV  both  in  retroviral  characteristics  and  immunopathology  [1].  Design  and 
testing  of  synthetic  peptide  vaccines  for  protection  against  leukemia  and  immune 
deficiency  in  cats  has  many  advantages  due  to  the  ubiquituous  availability  of 
this  pet  animal  and  the  desire  of  owners  to  protect  their  cats  from  infections. 
This  rationale  formed  the  basis  of  our  research  and  development  program  which 
should  result  in  a  better  understanding  on  how  to  construct  an  effective  vaccine 
against  retroviral  infections  including  HIV. 

Results  and  Discussion 

Based  on  our  previous  results  in  screening  for  most  antigenic  epitopes  in  Rous 
sarcoma  virus  phosphoprotein  pp60src  [2]  involving  peptide  synthes  s  of  short 
polar  sequences,  the  selection  rules  of  Hopp  and  Woods  [3]  were  also  applied 
to  the  FeLV  program.  From  the  FeLV  envelope  protein  structure,  gp85env 
(serotypes  A,  B,  C),  19  predicted  antigenic  determinants  were  defined,  synthesized 
by  SPPS,  and  HPLC  purified.  BSA-  and  KLH-  conjugates  of  all  19  peptides 
innoculated  into  rabbits  proved  to  be  antigenic.  In  screening  for  the  best  suited 
antigens  we  identified  in  vitro  both  FeLV  neutralizing  and  enhancing  epitopes 
of  gp85env  [4].  Employing  the  rabbit  sera  in  ELISA  both  on  the  conjugates, 
on  the  free  peptides,  and  also  on  FeLV  gp85env  digested  by  V8  protease  we 
determined  the  requirements  for  the  contruction  of  a  synthetic  anti-FeLV  vaccine 
e.g.,  our  epitope  sequence  221-227  induced  neutralizing  antibodies,  although 
it  is  only  part  of  the  neutralizing  determinant  213-226,  described  by  Nunberg 
et  al.  [5]  and  is  also  only  part  of  the  epitope  sequence  221-237,  identified  by 
Elder  et  al.  [6],  In  contrast  to  their  conclusion  we  could  demonstrate  that  the 
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Table  1  Viremia  data  after  vaccination  and  challenge  infection  (10*11  FeLV)  in  blood 
samples  of  cats 


Week 


o'ter 

challenge 

Animal  no. 

c 

Animal  no. 

c 

12 

1 

2 

3 

4  5 

6 

7 

8 

9 

10 

11 

1 

2 

: 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

3 

- 

- 

- 

- 

~ 

-- 

- 

4 

4- 

- 

- - 

- 

(  r) 

- 

- 

-4-~ 

- 

(  M 

7 

+- 

4-4- 

—4—4- 

~4- 

- 

_ 

4--*- 

-- 

► 

_ 

8 

4- 4-4- 4- 

++  + 

* 
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- 
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+  4-  +  + 
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- 

Pam  »CysSer-Epitopes 

Table  1  (continued) 


Synthetic  Polvmer-Epitopes 


Week 

after 

challenge 


Animal  no. 
13  14 


15  16  17 


C 

18 


Animal  no.  C 

19  20  21  22  23  24 


1 

2 
J 
4 

7 

8 


+ 


4-  +  +  +  +  +■ 

+  +  exit 

■*•+++-*-  exit 


tt+  t"  ■+■  ■+•  f  4-  -t-  4- 

4-4-4-  4-4-4- 


4- ■+  +  +  **-  4-  4-  -f- 


Fusion  Protein  Epitopes 


Combination  Vaccine 


sequence  228-234  is  not  required  for  induction  of  neutralizing  antibodies.  From 
our  screening  for  the  best  antigenic  FeLV  epitope  7  peptides  (7-10  residues 
in  length)  were  selected.  Where  epitope  sequence  variations  resulted  from  FeLV 
subtype  A,  B,  C  envelope  differences,  all  corresponding  peptides  were  synthesized 
accounting  tor  each  of  these  epitopic  elements. 

In  the  construction  of  a  suitable  synthetic  vaccine  three  aspects  were  considered 
essential,  e.g.  induction  of  neutralizing  antibodies,  induction  of  memory  cells 
for  longer  lasting  immunity  in  the  animals  vaccinated,  and  pharmaceutical 
reproducibility  of  the  antigen  preparation.  To  achieve  these  goals,  three  ma- 
cromolecular  presentation  forms  were  constructed  each  containing  the  7  best 
FeLV  epitopes  e.g.  group  I,  N-terminal  conjugation  of  each  of  the  seven  epitopes 
with  jV-palmitoyl-S-[2,3-bis-(paimitoyloxy)-(2/?S)-propyl]-(/?)cysteinyl-serine  [7] 
(preparation  by  G.  Jung  and  K.  W.  Wiesmiiller),  group  II,  N-terminal  acryloylation 
of  each  epitope  and  polyamide  copolymerization  of  all  seven  epitopes  into  a 
macromolecular  but  water  soluble  brush  type  antigen  and  finally,  group  III, 
recombinant  coexpression  in  E.  coli  as  a  C-terminal  fusion  product  of  /?- 
galactosidase  [8]  (preparation  by  K.H.  Scheit,  MPI  Gottingen,  Germany).  Using 
these  different  preparations  we  also  wanted  to  take  into  account  in  vivo  restriction 
for  best  suited  MHC  recognition  of  the  antigens  presented  with  the  vaccines 
[9].  To  this  end  the  three  vaccine  preparations  were  tested  side  by  side  with 
a  combination  (vaccine  IV)  of  the  three  in  20  healthy  cats  for  protective  immunity. 
Four  controls  were  run  in  parallel  without  vaccinations.  After  three  vaccinations 
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within  6  weeks,  the  animals  were  challenged  in  week  8  by  a  most  virulent  infective 
dose  of  104  units/cat  of  FeLV  (Glasgow  strain,  sertype  A,  B,  C,  and  myc-A; 
gift  by  O.  Jarrett),  lethal  within  8  weeks,  as  pre-tested  on  5  healthy  animals. 

During  the  whole  vaccination  program  scheduled  for  17  weeks,  blood  samples 
were  taken  from  the  animals  weekly  and  investigated  both  by  direct  ELISA 
for  antiboy  titers  and  also  by  immunocytology  on  blood  smears  for  signs  of 
viremia,  beginning  the  first  week  after  challenge  infection.  Antibody  induction 
was  highest  with  the  fusion  proteins  of  the  antigenic  FeLV  epitopes,  however, 
antibody  titers  specific  for  the  monomeric  synthetic  determinants  were  rather 
low.  Highest  specific  antibody  titers  were  induced  by  conjugates  group  I.  Vaccine 
preparation  II  yielded  intermediate  titers  (i.e.,  I » II>  III).  The  combination 
vaccine  IV  (Table  1),  however,  showed  a  levelling  out  of  antibody  titers  after 
infection  but  a  significant  increase  at  the  end  of  the  program,  week  17.  This 
was  found  to  parallel  the  results  on  protection  from  viremia,  which  is  dem¬ 
onstrated  in  Table  1. 

Although  our  grouping  of  the  cats  in  this  immunization  study  did  not  take 
into  account  the  immunogenetic  individuality  of  the  animals  with  regard  to  the 
genetic  po'ymorphism  of  the  MHC  I/II-restricted  recognition  of  the  antigenic 
epitopes  applied  [10],  we  identified  6  animals  out  of  20  cats  (30%)  displaying 
protective  immunity,  4  of  which  were  already  completely  negative  on  FeLV 
infection  in  week  17  (100%  protection),  from  a  challenge  dose  far  above  any 
retroviral  infection  likely  to  be  sustained  in  the  environment. 
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Introduction 

Matrix  protein  (M[)  is  a  major  structural  component  of  the  influenza  virion 
occupying  the  key  location  between  the  surface  glycoprotein  of  the  envelope 
and  the  ribonucleoprotein  complex  [1],  M|  is  incorporated  into  lipid  bilavers 
either  as  liposomes  or  as  planar  bilayer  lipid  membranes  [2-4]. 

M|  has  been  shown  to  inhibit  influenza  virus  transcription,  and  this  effect 
can  be  reversed  by  monoclonal  antibodies  [5].  Ye  et  al.  [6]  studied  this 
transcription  inhibition  and  determined  the  RNA-binding  domains  using  anti- 
idiotypic  antibodies  and  synthetic  peptides.  We  describe  here  the  identification 
of  segments  of  Mi  protein  showing  viral  transcriptase-inhibitory  activity. 


Table  1  Amino  acid  sequences  of  peptides  synthesized  for  M-protein  A/PR/8/34 


Peptide  no. 

Amino  acid  sequence 

1 

66 

78 

L  T 

V  P  S  E 

R 

G  L 

Q 

R 

R 

R 

2 

83 

100 

A  L 

N  G  N  G 

D 

P  N 

N 

M 

D 

K 

A  V 

K  L 

Y 

3 

104 

118 

K  R 

E  1  T  F 

H 

G  A 

K 

E 

I 

S 

L 

S 

4 

152 

166 

E  Q 

IADS 

Q 

H  R 

S 

H 

R 

Q 

M 

V 

5 

220 

236 

G  T 

H  P  S  S 

S 

A  G 

L 

K 

N 

D 

L 

L  E 

N 

6 

148 

166 

C  A 

T  C  E  Q 

I 

A  D 

S 

Q 

H 

R 

S 

H 

3  V 

1  V 

694 


Viruses  and  vaccines 


Table  2  Inhibition  of  polymerase  by  peptides 


Molar 

concentration 

%  Inhibition 

1 

(66-78) 

2 

(83-100) 

3 

(104-118) 

4 

(152-166) 

5 

(220-236) 

35 

-13a 

-30a 

32 

-30a 

5 

9 

-20a 

-9J 

23 

1 

0.5  mM 

2 

-10a 

8 

22 

14 

0.05  tiU 

3 

-37a 

9 

38 

16 

a  Enhancement. 


Results  and  Discussion 

Initially,  peptide  segments  likely  to  be  exposed  on  the  surface  were  selected 
using  sequence-based  computer  analysis  of  the  M]  sequence  of  A/PR/8/34. 
Selected  peptides  included  those  containing  residues  66  through  78  (1),  83  through 
100  (2),  104  through  118  (3),  152  through  166  (4),  and  220  through  236  (5) 
(Table  1).  Peptides  were  synthesized  by  SPPS  and  purified  by  RPHPLC  to  at 
least  99%  purity.  All  the  peptides  were  tested  for  their  ability  to  inhibit 
transcriptase  activity.  The  results  are  shown  in  Table  2  and  Fig.  1.  1  showed 
35%  inhibition  at  50  /iM  concentration,  whereas  4  showed  38%  inhibition  at 
50  nM  (Table  2).  2,  3,  and  5  showed  enhancement  of  polymerase  activity  (Table 
2).  These  three  peptides  were  identified  in  our  previous  studies  as  being  from 
the  immunodominant  regions  [7],  This  finding  suggests  that  M,  also  plays  a 
role  in  the  regulation  of  virus  transcription  and  that  this  function  is  located 
in  the  domains  covered  by  the  sequences  of  these  peptides. 

4  contains  part  of  a  zinc  finger  motif  or  the  RNA-binding  site  at  the  N- 
terminus.  We  synthesized  another  peptide,  6,  in  which  the  complete  zinc  finger 


Fig.  I.  Inhibition  of  polymerase  by  protein/  Fig.  2.  Inhibition  of  polymerase  by  peptide  6 

peptides.  (148-166). 
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Table  3  Inhibition  of  polymerase  by  peptide  6  (148-166) 


Molar  concentration 

MpProtein 

%  Inhibition 

6 

100  /xM 

ND 

81 

10  /uM 

95 

98 

I  /uM 

64 

>  100 

0.1  nM 

19 

99 

0.01  mM 

22 

82 

0.001 

21 

77 

0.0001  m  M 

ND 

1 

was  incorporated  bv  adding  4  more  residues  at  the  N-terminus.  The  inhibitory 
activity  increased  dramatically,  as  shown  in  Table  3  and  Fig.  2.  It  was  much 
more  active  than  the  M|  protein  itself.  The  IC50  in  the  case  of  M,  protein  is 
0.7  /xM  whereas  that  of  6  is  in  the  picomolar  range. 

Our  results  indicate  that  we  have  identified  a  fragment  of  the  M|  protein 
sequence  that  can  completely  inhibit  the  transcriptase  activity.  This  peptide  has 
great  potential  in  the  development  of  an  antiviral  drug  for  influenza.  Because 
the  M|  protein  sequence  is  highly  conserved  in  types  A  and  B,  the  peptide  can 
be  applied  against  both  type  A  and  type  B  influenza  viruses. 
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Introduction 

Recent  studies  by  Granotf  and  Munson  [1]  have  shown  that  passive  admin¬ 
istration  ot  antibodies  directed  against  Hib  outer  membrane  proteins  (OMPs) 
PI,  P2  and  P6  protected  infant  rats  against  live  H.  influenzae  challenge.  Therefore, 
a  promising  strategy  to  design  a  new  Hib  vaccine  with  enhanced  protective  ability 
would  be  to  use  OMPs  or  their  immunodominant  epitopes  as  additional  antigens 
or  as  carriers  tor  PRP.  Such  a  vaccine  may  also  have  other  advantages  over 
the  existing  vaccines  in  which  PRP  is  conjugated  to  either  diphtheria  toxoid 
(PRP-D).  tetanus  toxoid  (PRP-T)  or  CRM  197  (HbOC).  Firstly,  the  use  of  OMPs 
as  carriers  will  reduce  the  possibility  of  over-immunization  with  D  or  T  in  any 
future  DTP-Hib  combination  vaccine.  Secondly,  conserved  OMP  epitopes  may 
induce  cross-protection  against  non-typeable  strains  that  are  the  common  cause 
ot  otitis  media  tor  which  there  is  no  vaccine.  As  a  first  step  towards  the  design 
ot  an  OMP-based  Hib  vaccine  candidate,  the  surface-exposed  and  protective 
B-celi  epitopes  must  be  identified.  Thus,  the  purpose  of  this  study  was  to  map 
the  antigenic  determinants  of  PI  using  overlapping  synthetic  peptides,  and  assess 
their  immunogenicitv  for  possible  inclusion  in  a  cross-protective  synthetic  Hib 
vaccine. 

Results  and  Discussion 

To  identity  the  antigenic  B-cell  epitopes  of  PI.  rabbits,  guinea  pigs  and  mice 
were  immunized  with  chromatographicallv  purified  PI  in  Freund's  adjuvant. 
After  two  immunizations,  all  animals  generated  a  strong  Pl-specific  antibody 
response  as  judged  by  both  ELISA  and  immunoblots.  Fourteen  synthetic  PI 
peptides  were  tested  for  their  reactivities  with  the  various  anti-Pl  antisera  in 
peptide-specific  ELISAs  as  previously  described  [2],  Pertussis  peptides  were  used 
as  negative  controls.  The  results  are  summarized  in  Fig.  1.  Four  major  linear 
B-cell  epitopes  were  mapped  to  residues  103-137,  248-283.  307-331,  and  400- 
437  of  mature  P 1 .  When  the  panel  of  synthetic  peptides  was  screened  for  reactivity 
with  three  human  convalescent  sera,  peptides  corresponding  to  residues  39-64. 
226-253  and  400-437  strongly  reacted  with  the  antisera  (Fig.  1). 
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IMMUNODOMINANT  8-C*H  EPITOPES 


Antl-PI 

Antiserum 


100 


200 


250 


300 


Murine 


Humen 


Guinea 

Pig 


Rabbit 


HIBP1-7 

(248-283) 


HIBP1-12 

(38-84) 


HIBP1-8 

(226-253) 


HIBP1-3 

(103-137) 


HIBP1-5 

(189-218) 


HIBP1-7 

(248-283) 


H0P1-12 

(3M4) 


HIBP1-3 

(103-137) 


HIBP1-9 

(307-331) 


HIBP1-9 

(307-331) 


HWP1-9 

(307-331) 


400 


437 


HIBP1-13 

(400-437) 


HIBP1-13 

(400-437) 


HIBP1-11 

(384-412) 


H0P1-114-13 

(384-437) 


E2  T-tielper  DETERMINANTS 


HIBP1-12  HIBP1-6  HIBP1-10  HIBP1-13 

(39-64)  (226-253)  (339-370)  (400-437) 


Fig.  I.  Schematic  representation  of  the  linear  B-  and  T-cell  immunodominant  epitopes  oj  PI. 

Peptides  containing  T-ceii  epitopes  were  characterized  by  their  ability  to 
stimulate  the  proliferation  of  mouse  (Balb/C  and  C57bl/6  strains)  T  lymphocytes 
primed  with  PI  in  a  standard  in  vitro  T-cell  proliferation  assay  [3].  Four  regions 
(residues  39-64,  226-253,  339-370  and  400-437)  were  identified  as  potent  T- 
cell  epitopes.  These  results  indicate  that  peptide  39-64  and  400-437  contain 
both  T-  and  B-cell  epitopes. 
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Introduction 

MAPs  have  been  successfully  used  to  produce  peptide-specific  antisera  cross¬ 
reacting  with  native  proteins  (1.2).  However,  several  important  issues  concerning 
the  immunogenicitv  of  MAPs  such  as  size,  shape,  degree  of  peptide  branching 
and  requirement  of  a  T-helper  cell  epitope  linked  to  the  B-cell  epitope  remain 
to  be  resolved.  In  the  present  study,  we  have  investigated  how  the  two  latter 
parameters  influence  the  rabbit  antibody  response  to  four  model  MAPs  injected 
in  the  presence  of  adjuvants.  These  peptides  are:  HIV-CTL  (RIQRGPGRAFV- 
TIGKI)  [3,4];  V3C  (CNMRQAHCNISRAKW)  [5];  HIV1-TE1  (FINMWQEVG- 
KAMYAPPISGQIRCSS)  [6];  and  RSV-P1  (CSISNIETVIEFQQKNNRLLEI- 
TRu)  (RSV)  [7]. 

Results  and  Discussion 

Each  epitope  (HIV-CTL.  V3C.  HIV1-TE1  and  RSV-P1)  was  chemically 
synthesized  individually  or  as  a  tetrameric  and  octameric  MAPs.  The  synthesis 
ol  MAPs  was  accomplished  manually  by  stepwise  SPPS  on  t-Boc-Gly-Pam  resin 
(0. 1-0. 15  mmole  amino  group/g  resin).  To  minimize  deletion  peptide  formation, 
a  ystematic  double-coupling  procedure  was  used  throughout  the  SPPS.  Synthetic 
peptides  and  MAPs  were  cleaved  from  resin  support  using  HF  and  purified 
b  RPHPLC.  The  purity  of  MAPs  were  analysed  by  SDS-PAGE.  Rabbits  were 
ii  munized  intramuscularly  (IM)  with  100  ng  of  individual  peptides  or  MAPs 
ir,  the  presence  of  complete  Freund’s  adjuvant  (CFA)  or  alum  (A1P04).  Rabbit 
artisera  were  collected  two  weeks  after  two  booster  doses  and  tested  for  anti- 
p  ptide  antibody  responses  in  peptide-specific  ELISAs  [8],  Results  are  summa¬ 
rized  in  Table  1. 

All  linear  synthetic  peptides  failed  to  elicit  a  peptide-specific  antibody  responses 
when  alum  was  used  as  adjuvant.  We  found  that  there  were  no  significant 
differences  in  the  antibody  responses  to  the  tetrameric  or  octameric  MAPs  of 
two  model  peptides  (HIV-CTL  and  V3C).  Rabbit  peptide-specific  antibody 
responses  induced  by  MAPs  are  essentially  comparable  to  those  elicited  by 
peptide-KLH  conjugates.  These  results  clearly  indicate  that:  (1)  MAPs  formed 
of  peptides  containing  a  functional  T-cell  epitopes  are  immunogenic  when 
adminstrated  in  alum.  (2)  The  use  of  MAPs  can  eliminate  the  requirement  for 
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Table  1  Rabbit  antibody  responses  to  synthetic  MAPs“ 


Immunogens 

Peptide-specific  ELISAs  reactivity  titreb 

Complete  Freund’s  Adjuvant 
(CFA) 

Alum  (A1P04) 

HIV-CTL 

1/  1600 

<1/  iOO 

4(HIV-CTL)  MAP 

1/51  200 

1/  800 

8(HIV-CTL)  MAP 

1/25  600 

1/  800 

V3C 

<  1/  100 

<  1/  100 

4(V3C)  MAP 

1/12800 

<  1/  100 

8(V3C)  MAP 

1/12  800 

<  1/  100 

VSC-KLH^ 

1/  3  200 

NTd 

HIVl-TEI 

1/  1600 

<  1/  100 

4(HIV1-TE1)  MAP 

1/51  200 

1/1600 

HIV1-TE1-KLH 

1/12800 

NT 

RSV-P1 

1/  200 

<  1/  100 

4(RSV-P1)  MAP 

1/  6400 

1/1600 

RSV-P1-KLH 

1/25600 

NT 

*  Two  rabbits  were  immunized  intramuscularly  with  100  Mg  of  synthetic  peptide  or  peptide-KLH 
conjugates  emulsified  in  complete  Freund’s  adjuvant  or  mixed  with  alum.  Animals  received  2 
booster  doses  of  50  pg  immunogen  in  incomplete  Freund’s  adjuvant  or  alum  2  weeks  apart. 
Blood  samples  were  collected  every  two  weeks  after  the  first  booster  injection.  Antisera  were 
obtained  from  the  clotted  blood  samples  by  centrifugation  and  were  heat-inactivated  at  56  °C 
for  30  min.  then  stored  at  -20  °C. 

h  Reactivity  litres  are  expressed  as  the  highest  serum  dilution  which  still  gives  an  absorbance  value 
2-fold  higher  than  the  background  in  the  peptide-specific  ELlSAs  [8]. 
c  Peptide-KLH  conjugates  were  prepared  as  previously  described  [8], 
d  Not  tested. 


carrier  proteins.  Therefore,  the  MAP  system  represents  an  important  progress 
towards  the  design  of  synthetic  peptide  vaccine. 
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Introduction 

A  major  strategy  in  understanding  the  mechanism  of  the  human  immuno¬ 
deficiency  virus  (HIV)  has  been  to  dissect  the  virus’s  proteins  with  regards  to 
biological  activity.  A  number  of  peptide  fragments  in  HIV  have  been  found 
to  have  a  corresponding  sequence  homology  with  known  proteins  [1-4].  These 
proteins  include  VIP,  thymosin  a,,  the  subtilisin  cleavage  peptide  of  bovine 
ribonuclease  A,  the  phosphorylation  domain  of  the  human  interleukin-2  receptor 
and  the  ATP-binding  site  of  the  protein  kinase  family. 

We  have  identified  an  interesting  sequence  in  the  amino  terminal  region  of 
the  HIV  transmembrane  protein  gp41.  This  region  shows  a  sequence  homology 
similar  to  the  tachykinin  family  of  peptides.  The  HIV  transmembrane  protein 
sequence  is  shown  below  along  with  the  generic  tachykinin  sequence. 

517  520  525  530 

-Lys-Arg-AIa-Val-GIy-Ile-Gly-Aia-Leu-Phe-Leu-Gly-Phe-Leu-Gly- 

HIV 

Phe-Xxx-Gly-Leu-Met-NHi 
Tachykinin  C-terminal  pentapeptide 

where  Xxx  =  aromatic  or  long  chain  aliphatic  amino  acid. 

In  order  to  assess  whether  this  HIV  transmembrane  region  possesses  tachykinin¬ 
like  activity,  the  following  HIV-tachykinin  (HT)-like  peptide  amides  were 
synthesized  and  tested  for  biological  activity  in  the  guinea  pig  ileum  assay:  HT13 
(HIV  518-530),  HT8  (HIV  523-530)  and  HT6  (HIV  525-530). 

Results  and  Discussion 

The  ability  of  the  HT-peptides  to  contract  the  guinea  pig  ileum  was  compared 
with  that  of  substance  P.  Both  HT 1 3  and  HT8  were  about  four  orders  of  magnitude 
less  potent  than  substance  P.  HT6  was  around  five  orders  of  magnitude  less 
potent.  A  maximal  response  for  the  HT-peptides  could  not  be  reached  due  to 
the  insoluble  nature  of  these  peptides  at  high  concentrations. 

The  decrease  in  potency  of  the  HT-peptides  by  four  orders  of  magnitude 
was  somewhat  unexpected.  Although  the  proposed  HIV-tachykinin  C-terminal 
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pentapeptide  (Phe-Leu-Gly-Phe-Leu-NH2)  is  partially  different  from  the  already 
discovered  tachykinin  peptides  (Phe-Xxx-Gly-Leu-Met-NH2),  the  degeneracy  is 
not  great.  The  main  difference  lies  in  the  carboxy  terminal  two  amino  acids 
with  conservative  substitutions  of  phenylalanine  for  leucine  and  leucine  for 
methionine.  A  substance  P  peptide  has  been  synthesized  where  leucine  has  been 
substituted  for  the  carboxy  terminal  methionine  and  a  decrease  in  activity  of 
five-fold  was  seen  [5],  Also  a  substance  P  peptide  has  been  synthesized  where 
the  penultimate  carboxy  terminal  leucine  has  been  replaced  by  alanine  and  a 
decrease  in  activity  of  10-fold  was  seen  [5].  These  two  substitutions  together 
probably  have  more  of  an  effect  than  when  summed  individually.  Also  some 
tachykinin  peptides  like  neurokinin  A  are  less  potent  than  substance  P  in  the 
guinea  pig  ileum  assay  by  about  an  order  of  magnitude. 

There  are  a  couple  of  considerations  which  helped  to  determine  the  choice 
of  HIV  518-530  as  a  possible  tachykinin-like  peptide.  The  envelope  protein  gpl60 
is  cleaved  at  residue  518  yielding  the  two  proteins  gpl20  and  gp41.  Thus  the 
HIV-tachykinin-like  peptide  is  at  the  amino  terminal  end  of  gp41  and  is  not 
buried  in  the  membrane.  This  region  also  is  highly  conserved  among  different 
HIV  strains.  In  addition,  in  order  to  have  carboxamide  formation  there  must 
be  a  glycine  residue  next  to  the  amino  acid  which  is  to  be  the  carboxamide 
[6],  This  requirement  is  satisfied  since  Gly531  follows  Leu530  which  forms  the 
C-terminal  amide. 

The  present  finding  of  tachykinin-like  peptide  activity  in  the  amino  terminal 
region  of  the  HIV  protein  gp41  is  interesting  since  tachykinin  peptides  are 
neuroimmunomodulatory  agents.  Whether  a  concentration  of  free  HIV-tachy¬ 
kinin-like  peptide  is  being  produced  by  an  HIV-infected  individual  is  highly 
speculative  and  has  yet  to  be  established.  Also  the  high  concentrations  of  HlV- 
tachvkinin-like  peptide  required  for  biological  activity  clouds  its  possible  in  vivo 
relevance.  However,  if  HIV-tachykinin-like  peptide  activity  in  vivo  is  relevant, 
antagonists  to  these  HIV-tachykinin-like  peptides  could  reduce  potential  ob¬ 
jectionable  biological  activities  associated  with  tachykinin  peptides. 
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Introduction 

A  basic  requirement  for  the  infectivitv  of  influenza  virus  is  the  enzymic  cleavage 
of  hemagglutinin  (HA).  This  yields  two  subunits  by  the  elimination  of  Arg^ 
and  exposes  the  so-called  fusion  peptide  of  the  virus  envelope  [1],  To  investigate 
whether  the  conformation  of  this  functionally  active  part  of  HA  plays  any  role 
in  T  cell  recognition,  a  series  of  peptides  was  synthesized,  which  represent  the 
intersubunit  region  (p2),  the  fusion  peptide  (Npl  and  Np3)  and  the  remnant 
of  the  intersubunit  (Cp4)  of  HA  of  influenza  virus  APR8/34  (Fig.  1). 

Results  and  Discussion 

CD  measurements  suggested  that  in  TFE  and  TFE-water  mixtures  p2  and 
Np3  share  the  same  a-helical  domain.  Cp4  based  on  its  low  intensity  helical 
(class  C)  CD  spectrum,  is  likely  present  as  a  mixture  of  various  conformers 
including  /3-turns  [2],  In  a  2.59T  aqueous  solution  of  octyl  /3-D-gIucoside  or 
TFE-water  mixtures  with  low  (<20%)  TFE  concentration,  p2  and  Np 3  showed 
CD  spectra  (negative  band  below  220  nm  and  a  strong  positive  band  near  195 
nm)  reflecting  the  predominance  of /3-pleated  sheet  conformation  [3].  According 
to  FT-IR  studies  [4],  in  TFE  and  TFE-D^O  mixtures  p2  adopts  a  weakly  H- 
bonded  a-helical  conformation  (band  at  1659  cm'1  in  TFE).  In  D:0  solution 
the  intensity  ratio  of  the  1625/1698  cm-1  peaks  is  indicative  of  a  predominant 
anti-parallel  /3-sheet  structure  of  p2.  Peptides  Npl  and  Np3  show  similar  /3- 
sheet  spectral  features  in  DiO  solution.  However,  Np3  adopts  a  different 
conformation  in  TFE  than  Npl,  with  Np3  preferring  to  retain  a  large  proportion 
of  /3-sheet  conformation.  Furthermore.  Np3  shows  no  evidence  of  a-helix 
formation  in  D^O,  whereas  Npl  does.  The  amide  I  band  in  DiO  of  Cp4  is 
centered  at  1648  cm-1  (borderline  between  a-helix  and  non-ordered  structure). 
In  TFE  Cp4  exhibits  one  peak  at  1661  enr1  (weakly  H-bonded  a-helix  or  a 
completely  unfolded  structure). 
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- - Np3 - - 

RGLFGAIAGFI  EGR 

Npl  -  fusion  329* - Npl - •* 

peptide  VTCLRNIPSIQSRGLFGAIAGFIEC 

• - p2 - — — 


p2  -  Intersubunit 

peptide  - - Cp4 - • 

Fig.  I.  Hemagglutinin  peptides  synthesized. 

Both  CD  and  FT-IR  spectra  reflect  a  significant  a-helical  content  tor  p2  in 
TFE  solution  and  an  a  —  /3  transition  in  mixtures  containing  increasing  amounts 
of  water.  Furthermore,  both  methods  provide  evidence  for  a  j3-sheet  conformation 
of  p2  and  Np3  in  aqueous  solution.  An  advantage  of  the  comparative  CD/ 
FT-IR  spectroscopic  approach  used  above  is  that  it  helps  to  avoid  misinter¬ 
pretation  of  data  observed  in  atypical  or  less-characterized  spectral  regions. 

Results  of  immunological  studies  on  peptides  covering  the  intersubunit  area 
suggest  that  this  region  of  HA  can  be  the  target  of  both  B  and  T  cell  recognition 
(Rajnavolgyi  et  al.,  unpublished  results).  Most  notably,  p2  as  well  as  both  arginine- 
containing  subunit  peptides  Np3  and  Cp4,  but  not  the  fusion  peptide  Npl,  were 
able  to  induce  T  cell  response  in  Balb/c  mice.  The  differing  conformational 
features  of  the  two  halves  of  p2  appear  to  fulfill  the  conformational  requirements 
of  T  cell  epitopes.  By  contrast,  antibody  recognition  requires  a  more  restricted 
conformation  adopted  in  the  HA  molecule  and  maintained  in  p2. 
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Introduction 

The  aspartyl  protease  from  human  immunodeficiency  virus  (HIV)  is  expressed 
during  the  course  of  infection  and  is  essential  for  viral  infectivity  and  proliferation 
[1],  This  enzyme  selectively  cleaves  all  viral  protein  components  from  polyprotein 
precursor  molecules.  It  is  essential  for  the  production  of  fully  competent  virus 
and  is  unique  to  a  class  of  retroviraliy  encoded  aspartyl  proteases.  As  such, 
it  is  an  ideal  target  for  design  of  specific  inhibitors  as  antiviral  therapeutics 
for  the  treatment/cure  of  AIDS.  Critical  to  the  aforementioned  effort  has  been 
the  availability  of  the  enzyme  for  structure-function  analysis.  The  three-dimen¬ 
sional  structure  of  the  enzyme  was  determined  in  1989  [2].  Diffraction  quality 
crystals  of  the  HIV-1  protease  were  obtained  from  synthetic  protein  corresponding 
to  the  sequence  of  the  ARV-2  SF2  isolate  (Cys67  and  Cys95  were  replaced  with 
a-aminobutvric  acid  isostere).  The  protein  was  synthesized  using  t-Boc/benzyl 
strategy  starting  with  Phe-PAM  resin  [3.4].  Minimally,  each  residue  was  double 
coupled  with  several  being  coupled  three  times  and  a  few  amino  acids  added 
four  and  five  times.  The  results  of  our  efforts  to  synthesize  the  ARV-2  SF2 
(Ab67  95)  sequence  using  Fmoc/t-butyl  strategy  combined  with  HBTU  in  situ 
activation  are  presented. 

Results  and  Discussion 

The  protein  was  assembled  in  a  stepwise  manner  using  an  ABI  431 A  peptide 
synthesizer.  The  coupling  protocol  and  side-chain  protecting  groups  are  shown 
in  Fig.  1.  Peptide  bond  formation  was  accomplished  by  in  situ  activation 
using  2-(  1  H-benzotriazol- 1  -yl>- 1 , 1 ,3,3-tetramethyluronium  hexafluorophosphate 
(HBTU)  [5].  Each  coupling  was  followed  by  a  ten  minute  capping  step  using 
1  ml  of  0.5  M  Ac20.  0.125  M  DIEA  and  0.2%  HOBT  (w/v)  in  NMP.  The 
final  weight  gain  of  protected  peptide  resin  was  consistent  with  an  average  yield/ 
step  >99.2%,  somewhat  lower  than  that  predicted  from  ninhydrin  assays.  The 
protein  was  cleaved  from  the  solid  support  using  the  cleavage  deprotection 
procedure,  described  by  King  et  al.  [6].  The  crude  material  was  passed  over 
a  G-50  column,  the  high  molecular  weight  material  collected,  and  rechroma¬ 
tographed  over  the  same  column.  This  material  was  refolded  after  the  procedure. 
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PQITLWQRPLVT I R I GGQLKEALLDTGADD 
222222  2222222222  22222222222222 

TVLEEMNLPGKWKPKM  I  GG  I  GGF  I  KVRQYD 

222222  11111  1  t  111  11111111112  111 


QIPVEIAbGHKAIGTVLVGPTPVNIIGRNLLTQIGAbTLNF 

1111111  121ttl  122211  11  1  12223  2221  11  1  1111 


Side  chain  protecting  groups: 

Q4N~tntyl  R-Pmc 

D4E -1-butyl  K-t-Boc 

S,  T  4  Y  -  t-butyt  H-Bum 

Ab  -  a-aminobutyric  acid 

Fig.  1.  Coupling  strategy  and  side-chain  protection  used  in  protease  synthesis. 

described  by  Tomasselli  et  al.  [7]  in  the  presence  of  BSA  (0.5%  w/v).  Many 
attempts  to  effect  f:..ul  purification  ensued;  the  combination  of  pepstatin- 
Sepharose  [8]  followed  by  RPHPLC  proved  most  convenient.  The  protease  was 
characterized  by  sequence  analysis  (both  NHs-terminal  and  following  CNBr 
fragmentation),  MS  of  CNBr  digest,  AAA,  IEF  (pi  =  9.5)  and  CE.  All  results 
were  consistent  with  the  protein  described  in  Fig.  1.  Proteolytic  activity  of  the 
enzyme  was  measured  using  synthetic  peptides  containing  known  polyprotein 
processing  sites.  A  discontinuous  assay,  i.e.  periodic  HPLC  analysis  of  a  mixture 
of  enzyme  and  peptide  substrate  (ATLNFPISPW)  demonstrated  a  Km  of  2.15 
mM  and  a  Kcat  of  220  min-1.  Two  additional  assays  were  used  to  measure  activity, 
one  UV/Vis  (F-N02  replacement  for  Y  or  F)  and  the  other  fluorescent  (N- 
terminal  At  z  quenched  by  C-terminal  e-DNP  lysyl  amide). 
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Introduction 

It  was  reported  that  the  HIV  envelope  glycoprotein  manifests  neurotoxic 
activity  by  increasing  free  Ca2+  in  rat  neurons,  thus  causing  cellular  damage 
[!]•  Bv  testing  the  neurotoxicity  of  synthetic  fragments  of  various  lengths,  derived 
from  gpl60.  p25.  Nef  and  Tat,  we  discovered  that  the  intracerebroventricular 
injection  of  the  86-residue  protein  Tat  or  some  Tat  fragments  caused  toxic  and 
lethal  effects  in  mice  |2|.  We  have  further  investigated  Tat  neurotoxicity  by 
SAR,  using  binding  experiments  and  electrophysiology. 

Results  and  Discussion 

We  first  investigated  the  capacity  of  radiolabeled  T at( 38— 86>  from  HIV-1.  Bru 
isolate,  to  bind  to  rat  brain  synaptosomes.  i:T  Tat( 38-86)  (>  1CH  M),  the  most 
active  peptide  in  vivo  oound  to  synaptosomes  in  a  dose-dependent  manner  and 
with  a  saturable  effect.  The  concentration  of  unlabeled  peptide  inhibiting  50% 
of  '251  Tat( 38—86)  b.  IIUU  i7  ( Ko  5)  was  about  3  juM.  Specificity  of  interaction  was 
further  demonstrated  by  the  capacity  of  synthetic  Tat(2-86),  Tat(2-86)  CM  (S- 
carboxamide  methvl-cvsteine  derivative).  Tat( 38-86)  and  Tat(48-86)  to  inhibit 
ally  the  interaction  of  l25I  Tat(38-86)  with  synaptosomes  in  a  binding  assay. 
Peptide  Tat( 67—86)  did  not  compete  with  l25I  Tatf  38— 86)  binding,  while  Tat(48- 
86)  fully  inhibited  this  interaction,  indicating  that  region  48-66  includes  the 
Tat  binding  site.  This  region  contains  a  highly  basic  domain  (residues  49-57) 
previously  found  critical  for  efficient  Tat  trans-activation  [3].  To  further  in¬ 
vestigate  interaction  of  Tat  with  nervous  system  cells.  FITC-labeled  Tat(2-86) 
was  tested  with  murine  neuroblastoma  and  rat  glioma  cells  by  direct  fluorescence 
assay  using  flow  cytometry  analysis.  Re.,ults  show  specific  direct  binding  of  FITC- 
labeled  Tatf 2—86 )  (  >  HP'  M)  on  cell  membranes.  Similar  results  were  obtained 
when  Tat-cell  binding  was  stained  by  rabbit  anti-Tat  antibodies  in  an  indirect 
immunofluorescence  assay.  FITC-labeled  Tat  peptides  including  the  basic  domain 
bound  to  both  cell-types,  while  labeled  Tat(2-24)  or  Tatf 67-  86)  were  inactive 
for  binding. 

At  the  electrophvsiological  level,  we  tested  the  effect  of  these  peptides  on 
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the  polarization  of  excitable  frog  muscle  fibres,  and  the  postsynaptic  membrane 
of  the  giant  interneuron  on  the  sixth  abdominal  ganglion  of  the  cockroach 
Periplaneta  amerieana.  The  effects  of  Tat(2-86)  CM  in  isolated  frog  muscle  fibres 
were  determined  by  studying  the  modification  of  membrane  potentials  measured 
under  current  clamp  conditions  with  the  double  mannitol-gap  technique.  The 
application  of  5  /iM  Tat(2-86)  CM  induced  a  rapid  and  large  membrane 
depolarization  of  66.2  +  2.1  mV  which  was  accompanied  by  a  decrease  of 
membrane  resistance.  Neither  tetrodotoxin  nor  Cd2+  ions  were  able  to  inhibit 
the  depolarization  effect  induced  by  Tat(2-86)  CM.  In  addition,  Tat(38-86)  was 
tested  on  the  cereal-afferent  giant  interneuron  synapses  in  the  CNS  of  the 
cockroach.  The  method  used  was  the  single-fibre  oil-gap  technique.  The  effect 
of  Tat( 38—86)  (1(H  to  10-5  M)  was  a  sudden  depolarization  with  firing  of  the 
postsynaptic  membrane  of  the  giant  interneuron  under  test.  This  effect  was 
accompanied  by  decrease  of  postsynaptic  membrane  resistance  -  about  50% 
-  and  a  resulting  decrease  in  the  composite  excitatory  postsynaptic  potential 
evoked  by  electrical  presynaptic  stimulation.  Tat(38-86)  produced  a  mean 
amplitude  depolarization  of  10  mV.  In  summary,  peptides  Tat(2-86)  CM  and 
Tat(38-86)  dramatically  modify  membrane  polarization,  probably  by  creating 
a  non-ion  selective  membrane  permeability. 

When  murine  neuroblastoma  and  rat  glioma  cells  were  cultured  for  72  h  in 
the  presence  of  Tat(2-86)  (0.13  to  13  /aM),  there  was  obvious  damage  and  growth 
inhibition  of  tumor  cell  lines.  Similar  neurotoxicity  was  observed  in  cell  culture 
with  Tat  peptides  including  the  basic  domain. 

The  neurotoxicity  of  Tat  peptides  in  vivo  was  studied  by  intracerebroventricular 
injection  in  mice.  Tat(2-861  was  lethal  to  mice  with  clinical  effects  resembling 
the  neurotoxic  symptoms  induced  by  some  snake  toxins  such  as  cardiotoxins. 
The  use  of  Tat  peptides  delimited  the  minimal  neurotoxic  region  of  Tat  to  its 
basic  domain  from  49  to  57.  The  analysis  of  the  tropism  of  these  peptides  for 
phospholipids,  using  the  monomoiecular  film  technique,  demonstrated  a  direct 
interaction  of  the  basic  domain  with  only  negatively  charged  phospholipids. 
Such  interactions  with  phospholipids  are  also  supposed  to  be  responsible  for 
pharmacological  activities  of  some  snake  toxins  [4], 

Tat(2-86)  and  its  peptide  derivatives  containing  the  basic  domain  can:  (a) 
specifically  bind  to  rat  brain  synaptosomes,  rat  glioma  and  murine  neuroblastoma 
cells,  (b)  generate  a  membrane  depolarization  by  modifying  cell  membrane 
permeability  in  excitable  biological  systems  in  both  vertebrates  and  invertebrates, 
(c)  manifest  potential  cytotoxic  activity  in  nerve  cell-lines,  an  *  (d)  induce  lethal 
neurotoxicity  in  mice. 
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Introduction 

A  de  novo  approach  of  enzyme  inhibitor  development  is  reported  for  HIV-1 
protease  [1,2]  with  the  application  of  the  ‘sense/anti-sense’  concept  of  molecular 
recognition  phenomenon  [3].  The  targeted  enzyme  regions  are:  the  catalytic  site 
region,  the  flap  region,  the  C-  and  the  N-terminal  regions,  and  the  a-helical 
region.  The  complementary  RNA-based  approach  provides  one  anti-sense  peptide 
sequence  for  each  region.  The  computer-assisted  hydropathic  anti-complemen¬ 
tarity  optimization  method  [4],  using  a  moving  average  algorithm  and  the  Kyte- 
Doolittie  hydropathic  scale,  provides  a  whole  set  of  complementary  peptide 
candidates,  generally  with  better  affinities  [5].  Both  methods  were  utilized. 

Results  and  Discussion 

Forty  two  complementary  peptides  with  5-15  amino  acid  lengths  were 
synthesized,  which  included  all  r-configuration  peptides  and  their  shortened 
homologs,  and  several  all  D-configuration  analogs.  Relevant  enzyme  inhibition 
assay  results  are  shown  in  Table  I.  Best  inhibitory  activities  were  achieved  with 
peptides  targeted  to  the  flap  region  and  to  the  a  helical  region  (peptides  4  and 
11).  In  comparison,  peptides  directed  to  the  catalytic  and  the  terminal  hinge 
regions  were  less  effective.  It  is  to  be  noted  that  the  peptides  were  targeted 
to  contiguous  protein  sequences  and  not  to  the  sterically  constrained  catalytic 
ca.itv  itself.  In  general,  the  RNA-based  anti-sense  peptides  were  less  inhibitory 
than  the  hydropathically  optimized  peptides.  A  distinct  advantage  of  the  latter 
method  over  the  RNA-based  approach  is  that  it  provides  a  much  wider  choice 
of  structural  candidates  for  evaluation.  All  D-containing  peptides  were  40-60% 
less  effective  than  the  all  L-analogs.  Our  results  demonstrate  the  effectiveness 
of  site-directed  targeting  and  the  feasibility  of  designing  a  new  class  of  enzyme 
inhibitors  using  anti-sense  peptides. 
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Table  1  HIV-1  protease  inhibitory  properties  of  complementary  peptides 


%  Inhibition 
at  1.0  mM 

ICso 

(pM) 

Catalytic  site  region: 

1  RNA-based  ASC 

(30)  DDAGTDLLAE  (21) 
HISASIKKSF 

35  ±  7a 

1550 

2  HPath.Opt.AS 

VVRAGVKKSL 

22  ±  5 

ND 

Flap  region: 

3  RNA-based  AS 

(55)  KIFGGIGGIMK  (45) 
FDKTSNSPYHF 

-3  ±  2 

ND 

4  HPath.Opt.AS 

LDKASYSTNHL 

83  ±2 

160 

5  AH-d  config.4 

sequence  as  4 

27  ±6 

1780 

C-terminal  region: 

6  RNA-based  AS 

(99)  FNLTCGIQTL  (90) 
KIESATNLSQ 

-12  ±  2 

ND 

7  HPath.Opt.AS 

EVESASYLRK 

43  ±  4 

1050 

N-terminal  region: 

8  RNA-based  AS 

(10)  LPRQWLT1QP  (1) 
EGSLPKSDLR 

3  ±  2 

ND 

9  HPath.Opt.AS 

EGALPESYLW 

10±  1 

ND 

a-Helical  region: 

10  RNA-based  AS 

(94)  GIQTLLNRGI  (85) 
TNLSQQ1SSN 

45  ±4 

1020 

11  HPath.Opt.AS 

AYLSKEIASD 

84  ±  5 

270 

12  All-o  config.ll 

sequence  as  11 

57  ±  7 

1100 

13  Pepstatin,  standard 

91  ±  2 

NDd 

1  SEM  (N  =  2-5). 
b  Amino  terminal  end. 

c  cRNA  codes  for  2  stop-codons,  both  assigned  Lvs  here.  Cvs  changed  to  Ser. 
d  K,  =  3.6x  10-7  M. 

RNA-based  AS  =  RNA-based  anti-sense  peptide:  HPath.Opt  AS  =  hvdropathically  optimized  com¬ 
plementary  peptide. 

Assav  conditions  [6]:  recombinant  protease.  0.5  mM  substrate  cone.  ( VSQNYPIVQ-amide),  50  mM 
MES/0.75  M  NH4S04  pH  6.5  buffer.  37°C.  15  min  preincubation  with  inhibitor.  RPHPLC  assays 
at  0.  30.  60.  and  120  min. 
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Introduction 

Development  of  a  vaccine  against  gpl20  of  HIV- 1  is  difficult  due  to  high 
sequence  variation  among  gpl20  proteins  from  different  HIV-1  isolates  [1-3]. 
Gp41,  on  the  other  hand,  is  a  highly  conserved  sequence  and  an  attractive  target 
[3],  Recently,  the  582  region  of  gp41  has  been  shown  to  be  involved  in 
neutralization  resistance  [4-6]  and  to  act  as  an  important  antigenic  domain  [7- 
8].  Here,  we  present  solution  conformations  of  two  17-residue  peptides  from 
the  582  region  HIV-l-env  (576-592)  and  a  threonine  mutant  studied  by  NMR. 
The  results  are  compared  with  the  corresponding  17-residue  fragments  of  HTLV- 
1  and  MuLV. 

Results  and  Discussion 

Amino  acid  sequences  for  the  four  peptides  are  shown  in  Fig.  1.  Although 
sequence  similarity  among  the  four  is  very  low,  the  C-terminal  Leu,  the  second 
(Gin)  and  the  fourth  (Arg)  residues  from  the  N-terminus  and  the  seventh  residue 
(Tyr  of  Phe)  from  the  C-terminus  are  conserved. 

NOESY  experiments  show  that  the  peptides  are  all  a-helical  in  agreement 
with  recent  prediction  [9],  The  threonine  mutation  in  the  HIV-1  peptide  did 
not  produce  any  major  conformational  change  in  this  region,  although  it  causes 
a  drastic  reduction  in  antibody  binding  [4-6].  Since  the  glycine  and  serine  mutants 
behave  the  same  as  the  alanine  analog  [6],  one  possibility  is  that  a  small  increase 
in  bulkiness  of  the  side  chain  at  position  582  is  responsible. 

HlV-1-env  (576-592)  LQAR1LAVERYLKDQQL 

(Thr5*:)  HIV-l-env  (576-592)  LQARJLTVERYLKDQQL 
HTLV-l-env  (376-392)  AQNRRGLDLLFWEQGGL 

MuLV-env  (538-554)  LQNRRGLDLLFLKEGGL 

A?  I  Amino  aad  sequences  of  the  phylogenetic  ally  conserved  peptides  from  Hll-I.  HTIA’-I  and 
MuLV 
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HIV-1  -env  576-592  MuLV-env  538-554 

(Thr  at  582)  (HTLV-1-env  376-392) 


Fig.  2.  E-Helical  wheel  representation  of  the  four  peptides.  The  HIV-l-env  (576-592)  is  overlaid  with 
its  threonine  mutant  (left)  and  so  is  the  HTLV-l-env  (376-392)  with  the  MuLV-env  (538-554)  (right). 

Since  the  peptides  are  all  a-helical.  their  structures  are  presented  as  E-helical 
wheels  in  Fig.  2.  For  the  HIV-1  peptides,  the  residue  at  582  lies  on  the  same 
side  as  the  conserved  Arg579.  The  aromatic  group  of  Tyr588  also  faces  the  same 
side.  These  three  residues  might  be  involved  in  binding  to  an  antibody,  gpl20 
or  another  gp41  [6]. 

References 


1.  Wain-Hobson.  S„  Sonigo.  P..  Danos,  O..  Cole.  S.  and  Alizon,  M..  Cell.  40(1985)9. 

2.  Hahn.  B.H..  Gonda,  M.A.,  Shaw.  G.M.,  Popovic,  M„  Hoxie.  J.A..  Gallo.,  R.C.  and  Wong- 
Staal.  F„  Proc.  Natl  .  Acad.  Sci.  U.S.A..  82(1985)4813. 

3.  Modrow.  S.,  Hahn.  B.H..  Shaw.  G.M.,  Gailo.  R.C..  Wong-Staal.  F.  and  Wolf,  H„  J.  Virol.. 
61(1987)570. 

4.  Reitz,  M.S..  Wilson,  C..  Naugle.  C..  Gallo.  R.C.  and  Robert-Guroff.  M..  Cell.  54(1988)57. 

5.  Klasse.  P.J.,  Pipkorn.  L.  and  Blomberg.  J..  Proc.  Natl.  Acad.  Sci.  U  S. A..  85(1988)5225. 

6.  Wilson,  C.,  Reitz  Jr.,  M  S..  Aldrich,  K..  Klasse.  P.J..  Blomberg,  J..  Gallo.  R.C.  and  Robert- 
Guroff.  M.,  J.  Virol..  64(1990)3240. 

7.  Wang,  J.J.G..  Steel.  S.,  Wisniewolski.  R.  and  Wang,  C  Y  ,  Proc.  Natl.  Acad.  Set.  U.S.A.. 
83(1986)6159. 

8  Schrter,  R.D  .  Cinann  Jr..  J.W..  Langlois.  A.J..  Shriver.  K..  Nelson.  J..V  and  Oldstone.  M  B  A.. 
J.  Virol..  62(1988)2531. 

9.  Gallaher.  W  R  .  Ball.  J.M..  Garry.  R.F..  Griffin.  M.C.  and  Montelaro.  R.C.,  AIDS  Res.  Hum 
Retroviruses.  5(1989)431. 


712 


Design  and  synthesis  of  an  intramolecular  fluorescent 
energy-transfer  substrate  for  HIV-1  and  HIV-2  proteases 


K.C.  Leea,  S.  Sundberg\  D.L.  DeCampb  and  C.S.  Craikb 

“Affy, max  Research  Institute,  Palo  Alto,  CA  94304.  U.S.A. 
h Department  of  Pharmaceutical  Chemistry,  University  of  California  San  Francisco, 
San  Francisco.  CA  94143,  U.S.A. 


Introduction 


We  report  here  a  new  fluorogenic  peptide  substrate  for  continuous  monitoring 
of  HIV-1  and  HIV-2  protease  activities.  The  principle  of  intramolecular  fluo¬ 
rescent  energy-transfer  was  applied  in  designing  our  substrate  (Fig.  1)  [1,2]. 
The  hexapeptide  sequence  corresponding  to  the  HIV-1  protease  amino-terminal 
autoprocessing  site  was  chosen  and  modified  with  fluorescent  donor-quencher 
molecules,  ABZ  (a-amino  benzoic  acid)/NBD  (7-nitrobenz-2-oxa- 1,3-diazole). 
The  hydrolysis  of  the  substrate  by  HIV-1  and  HIV-2  proteases  was  monitored 
by  measuring  the  increase  in  fluorescence  at  410  nm  with  340  nm  excitation. 
The  kinetic  constants  of  the  substrate  using  highly  purified  HIV  proteases  as 
well  as  the  utility  of  the  substrate  during  the  enzyme  purifications  were  determined. 


cc 
0 


GLV-SER-PHE-ASN-PHEtPR0-GLN-ILE-THR-LY$-NH2 

.  '  ^NH 

$  bond*  0$ 


no2 


Fig.  i  Structure  of  \uhstrate. 


Table  1  Estimated  kinetic  constants  for  the  hydrolysis  of  A BZ-GS FN FPQITK(-t-NBD)- 
NHf  by  HIV- 1  and  HIV-2  proteasesb  l 


Enzyme 

kca,  (min-1) 

Km 

(/iMH 

Ka/Kw 

(mM 

1  min  ') 

HIV-I 

10.6 

75 

141 

HIV-21 

2.9 

43 

67 

J  7.0  to  50  mM 
*  Concentrations  ot 

the  recombinant 

enzvmes 

determined  bv 

titration 

with 

VSQNl  o- 

[CH(OH)CH)YIV. 

Assay  buffer:  5-0  mM  NaOAc.  pH  5.5,  50  mM  NaCl.  5  mM  DTT.  I  mM  EDTA,  0.02'"  Tween- 
20.  10'  r  DMSO.  37-C. 

J  mav  be  anomalously  low  due  to  limited  water  solubility  of  the  substrate. 

'  4.4  n.M 
1  3.4  nM. 
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Fig.  2.  Excitation  (■ 
caproic  acid  ( — ■). 


Wavelength  (nm) 


8 

c 

I 


< 


)  and  emission  ( — ;  spectra  of  ABZ-GSFNF  Absorption  spectrum  of  NBD- 


Results  and  Discussion 

The  results  clearly  show  that  ABZ-GSFNFPQITK(-e-NBD)-NH2  is  a  substrate 
for  both  HIV-1  and  HIV-2  proteases  (Table  1).  The  HIV-1  protease  cleavage 
fragments  of  the  substrate  were  isolated  by  HPLC  and  identified  as  ABZ-GSFNF 
and  PQITK(-e-NBDpNH2  by  FABMS,  indicating  that  the  protease  specifically 
cleaved  the  Phe-Pro  bond  of  the  substrate. 

The  donor-quencher  pair,  ABZ/NBD.  proved  to  be  effective  in  the  development 
of  a  synthetic  peptide  substrate  for  endoproteases  requiring  extended  binding 
on  both  sides  of  the  scissile  bond.  The  separation  of  the  donor  and  the  quencher 
yielded  approximately  35-fold  increase  in  fluorescence  upon  complete  hydrolysis 
by  HIV-1  protease.  The  energy-transfer,  efficiency  is  calculated  to  be  97.1% 
using  the  Forster  equation,  t=l-F/Fo  [3],  The  efficient  quenching  of  the 
fluorescence  is  largely  due  to  the  spectral  overlap  of  the  fluorescence  donor 
emission  and  the  acceptor  absorption  (Fig.  2). 
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Introduction 

In  this  study,  we  compared  the  fine  specificities  of  the  antibody  responses 
from  1)  HIV-l-infected  individuals  from  Tanzania  and  the  United  States  and 
2)  HIV-I  experimentally  infected  chimpanzees  against  selected  HIV-1  gpl60 
peptide  epitopes  as  possible  indicators  of  both  protective  humoral  responses 
in  chimpanzees  (a  model  for  HIV-1  infection)  and  envelope  sequence  variability 
of  African  HIV-1  isolates  vs.  North  American  strains. 

Results  and  Discussion 

HIV-1  Illb  envelope  peptides  were  synthesized  by  SPPS  using  tBoc  protection 
strategies,  purified  by  RPHPLC.  and  their  compositions  confirmed  by  AAA. 
Their  sequences  are  given  in  Fig.  1.  Sera  were  obtained  from  HIV-l-infected 
chimpanzees  (7-15  vears  old).  HIV-l-infected  U.S.  Air  Force  personnel,  and 
HIV-infected  Tanzanians.  Approximately  50°?  of  the  chimpanzees  ( 1 1  of  23) 
which  were  HIV-l-infected  reacted  to  the  gp41  (846-860)  peptide,  a  highly 
conserved  sequence  amongst  different  HIV-1  isolates  [1.21.  Of  the  U.S.  cohort, 
only  14r7  of  the  asymptomatic  (n=84)  and  none  of  those  with  AIDS  ( n  =  23) 
reacted  with  this  sequence  [31.  Only  390  of  this  same  group  of  chimpanzees 

Residue  Numbers  (Illb  Isolate!  Sequence 

(C-G-Y)-  T-R-P-N-N-N-T-R-K-S-l-R-l-Q-R-G-P-G 

C-R-l-K-Q-l-l-N-M-W-Q-E-V-G-K-A-M-Y-A-P-P-l-S-G 

(C-G-Y)-V-A-P-T-K-A-K-R-R-V-V-O-R-E-K-R-A-V-G-l-G-A-L-F-L-G 

L-G-l-W-G-C-S-G-K-L-l-C 

(C)  -P-W-N-A-S-W-S-N-K-S-L-E-Q-I-W-N-N-(G) 

(Y)  -D-R-P-E-G-l-E-E-E-G-G-E-R-D-R-D-R-S-  (G-C) 

(C-A-Y)  -A-l-R-H-l-P-R-R-l-R-Q-G-L-E-R-  <G) 

Fin  I  I  mow  acid  sequences  ol  HU  -I  up  •’ W  synthetic  peptides.  Those  ammo  acids  in  parentheses 
vi  ere  added  to  lai  dilate  i  ouphnv  i"  <  arner  proteins  tor  related  immunization  studies 


304  -  321 
425  -  448 
503  -  528 
600  -  611 
616  -  632 
735  -  752 
846  -  860 
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Table  1  Comparison  of  reactivities  of  sera  from  HIV-l-infected  individuals  from  Tanzania 
and  the  United  States  to  HIV- 1  gpI60  epitopes 


gpl60  epitope 

425-448  503-528  600-611  616-632  735-752  846-860 

Number  (%)  positive 

Tanzania 

Asymptomatic 

9 

69 

65 

1 

4 

34 

n  =  131 

(7) 

(53) 

(50) 

(1) 

(3) 

(26) 

Symptomatic 

0 

16 

15 

0 

1 

7 

n  =  28 

(0) 

(57) 

(54) 

(0) 

(4) 

(25) 

Total 

9 

85 

80 

1 

5 

41 

n  =  159 

(6) 

(53) 

(50) 

(1) 

(4) 

(26) 

United  States 

Asymptomatic 

4 

35 

77 

2 

3 

12 

n  =  84 

(5) 

(42) 

(92) 

(2) 

(4) 

(14) 

Symptomatic 

0 

5 

17 

1 

0 

0 

n  =  19 

(0) 

(26) 

(89) 

(5) 

(0) 

(0) 

Total 

4 

40 

94 

3 

3 

12 

n  =  103 

(4) 

(39)* 

(91)0 

(3) 

(3) 

(12)* 

1  Represents  significant  difference  when  compared  to  Tanzanian  sera  (p  <  0.05). 
h  Represents  significant  difference  when  compared  to  Tanzanian  sera  (p  <  0.001). 

had  sera  specific  for  the  immunodominant  epitope  represented  gp41  600-611 
peptide,  which  recognized  by  over  90%  of  the  sera  from  HIV-infected  humans 
in  the  United  States.  There  was  also  a  noted  difference  in  the  ability  of  chimpanzees 
(22%)  vs.  humans  (39%)  to  bind  the  gpl20  carboxyl  terminal  peptide  503-528. 
Sera  from  HIV-infected  Tanzanians  were  also  compared  to  their  U.S.  counterparts 
against  these  peptides. 

Sera  from  only  50%  of  HIV-infected  Tanzanians  bound  the  600-611  peptide, 
suggesting  that  Tanzanians  may  be  infected  with  HIV  strains  differing  significantly 
in  amino  acid  sequence  in  this  region.  Other  reactivity  differences  were  also 
seen  for  the  503-528  and  846-860  peptides. 

In  conclusion,  humeral  immunity  against  selected  epitopes  in  HIV  envelope 
may  lead  to  the  asymptomatic  status  of  chimpanzees.  Also,  significant  differences 
exist  between  the  U.S.  and  Tanzanian  HIV-infected  populations  tested  concerning 
recognition  of  envelope  sequences,  which  may  be  important  in  vaccine  development. 
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Introduction 

The  characterization  of  retroviral  structural  proteins  and  enzymes  has  been 
a  major  focus  of  our  laboratory.  Previously  we  have  described  the  synthesis 
of  the  nucleic  acid  binding  protein  of  the  murine  leukemia  virus  [1]  and  the 
protease  of  human  immunodeficiency  virus  type-1  (HIV-1)  and  type-2  (HIV- 
2)  [2].  We  now  report  the  synthesis  of  the  protease  (104  residues)  and  the 
nucleocapsid  protein  (76  residues)  of  equine  infectious  anemia  virus  (EIAV), 
a  lentivirus  which  is  a  model  for  HIV  [3].  We  have  also  synthesized  the  protease 
(124  residues)  of  bovine  leukemia  virus  (BLV),  a  model  for  human  T-cell  leukemia 
virus  type-1  (HTLV-1)  and  tvpe-2  (HTLV-2). 

Results  and  Discussion 

The  syntheses  of  proteases,  nucleocapsid  protein  and  its  fragments  as  well 
as  oligopeptide  substrates  representing  naturally  occuring  cleavage  sites  at  the 
junctions  ot  the  protein  domains  of  the  Gag  and  Gag-Pol  poivproteins  were 
pertormed  by  solid  phase  methods  using  Boc-benzyl  protecting  groups  as 
described  [2].  After  deprotection  and  removal  from  the  resin  with  HF,  the  crude 
peptides  were  purified  by  RPHPLC.  The  proteases  were  refolded  from  lyophilized 
HPLC  fractions  as  follows:  the  fractions  were  dissolved  in  2  M  guanidine-HCl. 
100  mM  Tris-HCl,  pH  8.0.  Two  volumes  of  20  mM  Pipes,  100  mM  NaCl,  0.5% 
NP-40,  10%  glycerol.  5%  ethylene-glycol.  1  mM  EDTA.  pH  7.0.  buffer  was 
added,  and  the  solutions  were  extensively  dialyzed  against  the  same  buffer. 
Protease  assays  were  performed  as  it  was  described  foi  HIV  proteinases  [4], 
The  synthetic  BLV  protease  was  capable  of  accurately  cleaving  synthetic  peptide 
substrates  spanning  the  natural  cleavage  sites  in  the  precursor  polyprotein  of 
BLV.  This  BLV  protease  aiso  accurately  cleaved  two  peptide  substrates  spanning 
the  known  cleavage  sites  of  the  Gag  precursor  of  HTLV-1. 

The  synthetic  EIAV  protease  also  accurately  cleaved  a  number  of  peptide 
substrates  that  spanned  known  clevage  sites  in  the  EIAV  precursor  polvprotein. 
A  carboxy  terminal  fragment  of  the  EIAV  nucleocapsid  protein  (residues  40- 
78)  was  also  synthesized  and  found  to  be  a  substrate  for  EIAV  protease.  The 
peptide  bond  cleaved  in  the  nucleocapsid  protein  fragment  occurs  at  the  carboxy 
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side  of  Cys  in  a  zinc-finger  and  is  the  same  novel  peptide  bond  cleavage  by 
the  viral  protease  that  occurs  in  the  EIAV  capsid  [5]. 

Synthesis  of  these  biologically  active  retroviral  proteins  has  afforded  a  means 
to  further  characterize  their  properties. 
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Introduction 

African  swine  fever  (ASF)  virus  causes  a  highly  contagious  and  frequently 
fatal  disease  in  domestic  pigs  [1].  The  fact  that  animals  infected  with  ASFV 
do  not  raise  neutralizing  antibodies  has  prevented  the  development  of  anti-ASFV 
vaccines.  However,  treatment  of  viral  particles  with  2%  n-octyl-/Tglucopyranoside 
[21  causes  the  release  of  several  proteins  of  which  one,  named  p  1 2  (ALD- 
GSSGGGSNVETLLIVA1IVVIMAIMLYYFWWMPRQQKKCSKA- 
EECTCNNGSCSLKTS),  binds  to  virus-sensitive  Vero  cells  but  not  to  virus- 
resistant  cells.  We  have  started  a  synthetic  program  aimed  at  obtaining  p  1 2 
in  sufficient  amounts  to  study  its  state  of  aggregation,  immunogenicitv  and 
potential  use  as  a  vaccine. 

Results  and  Discussion 

Synthesis  of  partial  sequences 

Hydrophobicity  analysis  of  p  1 2  indicates  that  the  protein  posesses  a  highly 
hydrophobic  22-residue  trans-membrane  domain  in  its  central  section,  flanked 
by  two  moderately  hydrophilic  regions  at  both  ends.  Given  the  predictable 
difficulty  of  synthesizing  the  full  molecule,  we  prepared  three  peptides  (Table 
1)  spanning  the  N-  (NT)  and  C-  (CT)  termini  plus  a  chimaeric  N  +  C-peptide 
(NCT)  lacking  the  hydrophobic  core. 

Peptides  NT  and  CT  were  satisfactorily  prepared  by  Boc  'benzyl  solid  phase 
methods  on  MBHAR  (NT)  and  Pam-resin  (CT).  For  NT.  systematic  acetylation 


Table  ! 

Synthetic  peptides  based  on  ASFV  pi 2  protein 

N.’me 

Sequence 

pl2* 

NT 

CT 

NCT 

ALDGSSGGGSNVETLLIVAIIVVIMAIMLYYFWWMPRQQKKCSKAEECTCNNGSCSLKTS 

A  L  DGSSGGGSN  VET 

MPRQQKKCSKAEECTCNNGSCSLKTS 

ALDGSSGGGSNVETMPRQQKKCSKAEECTCNNGSCSLKTS 

J  Underlined  residues  indicate  the  hydrophobic  core. 
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was  performed  after  each  coupling  cycle  and  a  Cys(Npys)  residue  was  added 
at  the  amino  end  to  allow  simultaneous  purification-conjugation  to  KLH  [3]. 
CT  was  synthesized  with  Cys(Meb)  protection,  cleaved  under  high  HF  conditions, 
then  purified  to  homogeneity  as  fully  reduced  material  and  air-oxidized  to  give 
a  mixture  of  the  three  possible  folded  monomeric  forms  in  a  1:7:2  ratio.  This 
material  was  coupled  to  KLH  via  EDC.  The  40-residue  NCT  peptide  was 
assembled  in  a  MilliGen  9050  PepSvnthesizer  on  an  alkoxv  benzyl-type  resin 
(PEG-polystyrene)  using  Fmoc/tBu  chemistry  and  Cys(Acm)  protection.  After 
TEA  deprotection/cleavage,  NCT(Acm)4  was  purified  by  RPLC  and  deprotected/ 
folded  by  treatment  with  I2  in  80%  HOAc  (7  h,  rt)  to  give  an  essentially 
homogeneous  product. 

Synthesis  of  p  12 

The  full  60-residue  sequence  of  p  1 2  was  assembled  on  MBHAR  using  Boc/ 
benzyl  chemistry.  Amino  acid  analysis  of  the  peptide-resin  gave  rather  low  values 
for  residues  in  the  hydrophobic  core  (Val,  lie,  Leu,  Ala),  even  after  prolonged 
(70  h  or  120  h)  hydrolysis  conditions.  This  was  also  the  case  for  the  HF  crude 
material,  which  was  soluble  only  in  10%  HOAc  and  became  irreversibly  insoluble 
upon  lyophilization.  Low-high  HF  or  high  HF  in  the  presence  of  SDS  did  not 
improve  the  quality  of  the  cleaved  material.  RPHPLC(C|8,  C4)  under  an  exhaustive 
variety  of  elution  conditions  (including  surfactants  in  the  mobile  phase)  did 
not  show  any  peptide  peaks,  a  fact  that  was  attributed  to  peptide  precipitation 
in  the  column.  On  the  other  hand,  Edman  sequencing  of  the  crude  material 
proceeded  satisfactorily  until  lie-4,  then  recoveries  became  too  low.  Further  work 
is  currently  in  progress  to  achieve  a  more  complete  chemical  characterization 
of  the  synthetic  material.  Neither  NT  nor  CT  peptides,  coupled  to  KLH,  tested 
positive  against  rat.  rabbit  or  porcine  anti-ASFV  sera  by  enzyme-linked  irr.- 
munodot  assay.  Synthetic  p  1 2.  on  the  other  hand,  reacted  positively  with  all 
the  above  sera.  In  addition,  the  same  material  tested  positive  in  ELISA  with 
a  rabbit  serum  raised  against  Baculovirus-expressed  pi 2.  Immunization  expe¬ 
riments  in  swine  using  the  synthetic  p  1 2  preparation  are  currently  under  way. 
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Introduction 

Human  Immunodeficiency  Virus  (HIV)  is  the  causative  agent  for  acquired 
immunodeficiency  syndrome  (AIDS)  and  related  diseases.  HIV  protease  (HIV 
PR)  is  one  of  the  promising  targets  for  preventing  replication  of  the  virus. 
Previously  we  described  the  synthesis  of  tight  binding  inhibitors  of  HIV  PR 
that  were  obtained  by  replacing  the  dipeptide  cleavage  unit  in  a  substrate  sequence 
related  to  the  pl7/p24  cleavage  site  in  gag-pol  precursor  proteins  with  the 
hydroxyethylamine  unit  derived  from  Phe-Pro  [1-3].  The  X-ray  crystal  structure 
of  JG-365  (1)  [4]  (Ac-Ser-Leu-Asn-Phe-HEA(/?5)-Pro-Ile-Val-OMe:  Ki  =  0.66 
nM)  bound  to  HIV  PR  revealed  that  only  the  S  diastereomer  bound  to  the 
enzyme.  Synthesis  of  diastereomericallv  pure  (15)-JG-365  (K,  =  0.24  nM)  showed 
that  the  S  alcohols  are  more  potent  than  the  R  alcohols  in  our  inhibitor  scries, 
in  contrast  to  the  Roche’s  results  [5]  with  the  same  isostere  in  a  different  peptide 
template.  Modelling  studies  comparing  the  binding  of  15  and  Roche’s  most 
potent  inhibitor  in  the  active  site  of  HIV  PR  indicated  that  these  two  bind 
to  the  protease  in  different  modes  [2], 

Results  and  Discussion 

We  have  used  the  X-ray  structure  of  15  complexed  to  HIV  PR  [2]  to  probe 
the  steric  constraints  in  the  S3  and  S3'  subsites  of  the  enzyme  in  order  to  design 
more  potent  inhibitors,  and  develope  in  vivo  inhibitors.  The  X-ray  structure 
revealed  considerable  space  at  the  S3  and  S3'  subsites  that  could  accommodate 
more  bulky  and  hydrophobic  groups  at  P3  and  P3'  in  the  inhibitors.  Hence  we 
introduced  various  hydrophobic  groups  into  the  P3  and  P,'  amino  acids.  The 
inhibitors  were  synthesized  according  to  the  reported  procedure  and  were  obtained 
as  1 :  1  diastereomeric  mixture  at  carbon  bearing  hydroxyl  group  [1,2].  In  vitro 
inhibition  data  is  shown  in  Table  1. 

Pj  variants  were  inserted  in  a  hexapeptide  inhibitor,  while  Pf  variants  were 
inserted  in  a  heptapeptide  inhibitor.  Although  compound  2  is  more  active  than 
compound  3,  the  latter  was  used  as  the  standard  for  the  P3  analogs  and  1  was 
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Table  1  HEA  inhibitors  and  their  ICS0  values  tested  against  HIV  protease  in  vitro “ 


No. 

Compound 

IC50  nM 

1 

Ac 

Ser 

Leu 

Asn 

[Phe  HEA(flS)  Pro]  lleVai 

OMe 

6.6 

2 

Ac 

Leu 

Asn 

[Phe  HEA(/?S)  Pro]  lleVai 

OMe 

22 

3 

Boc 

Leu 

Asn 

[Phe  HEA {RS)  Pro]  lleVai 

OMe 

124 

4 

Boc 

HPhe 

Asn 

[Phe  HEA(/?S)  Pro]  lleVai 

OMe 

40 

5 

Boc 

2-Nal 

Asn 

[Phe  HEA(/JS)  Pro]  lleVai 

OMe 

16 

6 

Boc 

p-Bipa  Asn 

[Phe  HEA(flS)  Prol  lleVai 

OMe 

28 

7 

Boc 

m-Bipa  Asn 

[Phe  HEA(/LS)  Pro]  lleVai 

OMe 

16 

8 

Boc 

Tvr(L)  Asn 

[Phe  HEA(flS)  Pro]  lleVai 

OMe 

212 

9 

Ac 

Ser 

Leu 

Asn 

[Phe  HEA(flS)  Pro]  IleTrp 

OMe 

9.7 

10 

Ac 

Ser 

1  eu 

Asn 

[Phe  HEA(/?S)  Pro]  lie  2-Nal  OMe 

12 

11 

Ac 

Ser 

Leu 

Asn 

[Phe  HEA(/?S)  Pro]  IlePhe 

OMe 

4.1 

12 

Ac 

Ser 

Leu 

Asn 

[Phe  HEA(/?S)  Pro]  IleHPhe  OMe 

4.8 

'For  the  details  of  the  assay  see  Ref.  1.  HEA:  hvdroxyethylamine;  HPhe:  homophenylalanine;  2- 
Nal:  2-naphthylalamne;  p-Bipa:  p-biphenyl-alanine;  m-Bipa:  m-biphenylalanine;  Tyr(l2):  diiodo- 
tyrosine. 


used  as  the  standard  for  the  P3'  analogs.  The  inhibition  results  obtained  indicate 
that  the  S3  and  S3'  pockets  are  hydrophobic  in  nature  and  that  the  best  inhibition 
results  were  obtained  when  the  P3  amino  acid  is  either  2-naphthylalanine  (5) 
or  m-biphenylalanine  (7).  The  best  substituent  at  the  P3'  amino  acid  is 
phenylalanine  (11). 
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Introduction 

The  hepatitis  B  core  (HBcAg)  and  e  antigen  (HBeAg)  are  both  encoded  by 
the  C-gene  of  hepatitis  B  virus  (HBV)  [1].  Though  HBcAg  and  HBeAg  are 
crossreactive  on  the  T-cell  level  [2],  both  have  distinct  immunological  charac¬ 
teristics  with  respect  to  B-cell  epitopes  [3-5]  and  isotvpe  distribution  [6].  The 
B-cell  epitopes  related  to  the  HBc  specificity  are  highly  sensitive  to  denaturating 
compounds  [4J  whereas  the  HBe  epitopes  behave  as  linear  determinants  [7j. 
We  were  interested  to  identify  linear  binding  sites  on  the  HBcAg  and  HBeAg 
recogn'sed  by  humans  and  mice.  Sera  from  10  patients  with  acute  HB  (AHB), 
12  with  chronic  HB  (CHB)  and  HBeAg,  22  with  CHB  and  anti-HBe.  and  14 
individuals  with  no  evidence  of  previous  HBV  exposure,  were  studied  in  parallel 
with  three  monoclonal  antibodies  (mAbs)  to  HBcAg,  one  to  HBel.  and  five 
to  HBe2. 

Human  sera  and  mAbs  were  analyzed  using  synthetic  peptides  covering  the 
complete  amino  acid  (aa)  sequence  of  HBcAg.  Peptides  were  synthesized  by 
SPPS  as  decapeptides  with  a  live  to  nine  residue  overlap,  as  decapeptides  with 
an  aa  substitution,  according  to  Gevsen  et  al.  [8],  and  as  20  to  25  residue  peptides 
according  to  Houghten  [9],  to  be  used  for  coating  of  microtiter  plates.  The 
peptides  were  tested  in  IgG  subclass  specific  enzyme  immunoassays  ( E! As )  as 
previously  described  [10].  All  reactions  in  the  IgG  subclass  El  As  were  regarded 
as  positive  if  they  exceeded  the  mean  of  negative  sera  with  more  than  seven 
standard  deviations. 

Results  and  Discussion 

Two  of  the  ten  sera  from  patients  with  AHB  recognized  one  or  two  of  the 
peptides  covering  consisting  of  residues  61-85.  101-120.  or  121-140.  with  lgG3 
isotvpe.  Four  of  the  twelve  sera  from  patients  with  CHB  and  HBeAg  recognized 
one  to  six  of  the  peptides  consisting  of  residues  1-20,  21-40.  41-60,  61-85,  121- 
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140,  or  141-160,  with  low  levels  of  IgG3.  Of  sera  from  the  twelve  patients  with 
CHB  and  anti-HBe,  nine  recognized  one  to  six  of  the  peptides  covering  consisting 
of  residues  1-20,  21-40,  41-60,  61-85,  121-140,  or  141-160.  Eight  of  these  sera 
were  found  reactive  to  121-140  with  IgGl,  IgG3,  and/or  lgG4  isotvpes. 

Out  of  another  ten  sera  from  individuals  with  CHB  and  anti-HBe,  two  were 
found  to  recognize  a  peptide  76-85,  when  tested  with  the  decapeptides  with 
a  five  residue  overlap,  covering  the  HBc/eAg  sequence.  For  both  sera  the  binding 
site  was  fine  mapped  to  the  sequence  EDPASRD,  and  for  one  serum  the  residues 
EDP-SRD  were  found  to  be  most  essential,  by  substitution  peptide  analogs. 

Of  the  three  mAbs  to  HBcAg,  two  did  not  give  consistent  results,  but  the 
third  mAb  to  HBc  was  found  to  recognize  the  sequence  EDPASRD.  found 
within  a  peptide  covering  residues  76-85,  where  the  sequence  DP  was  found 
to  be  essential.  The  mAb  to  HBel  did  not  recognize  any  linear  peptide 
reproducibly.  The  five  mAbs  to  HBe2  all  recognized  a  peptide  covering  residues 
126-135,  and  four  of  the  HBe2  mAbs  were  found  to  recognize  the  sequences 
TPPAYR  or  PPAYR  within  residues  128-133.  For  the  mAbs  57/8,  141/158, 
and  141/207,  the  essential  residues  were  PPA,  PP-Y,  and  TP,  respectively. 

We  failed  to  identify  a  linear  sequence  recognized  by  all  humans  with  hepatitis 
B,  in  contrast  to  a  previous  report  [11].  Sera  from  persons  with  HB  and  mAbs 
were  found  to  recognize  similar  regions.  Sera  from  two  individuals  with  CHB 
and  anti-HBe  had  a  binding  site  overlapping  the  one  HBc  mAb.  and  wc  also 
found  that  the  reported  HBV  strain  variation  at  residue  77.  E  or  Q,  of  HBc/ 
eAg  did  not  affect  human  Ab  or  mAb  binding  to  this  site.  The  major  linear 
epitopic  region  recognized  by  human  antibodies  was  found  within  residues  121- 
140,  recognized  mainly  by  individuals  with  anti-HBe.  thus  possibly  corresponding 
to  the  epitopic  region  at  residues  128-133.  recognized  bv  four  mAbs  to  HBe2. 
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Introduction 

One  of  the  clucial  steps  in  the  life  cycle  of  the  HIV-1  virus  is  the  synthesis 
and  subsequent  cleavage  of  the  gag-pol  polyprotein.  The  processing  of  the  gag- 
pol  polyprotein  is  accomplished  by  an  aspartyl  protease,  HIV-1  protease.  Cell 
culture  studies  using  inhibitors  of  HIV-1  protease  have  shown  that  the  protease 
is  essential  for  viral  replication  [1]. 

Several  assays  for  HIV-1  protease  have  been  reported  [2,31.  The  most  commonly 
used  oligopeptide  substrates  of  HIV-1  protease  are  based  on  the  cleavage  site 
of  the  pl7/p24  junction  of  Pr55*a?.  For  an  HPLC  based  assay,  the  synthetic 
peptide  Val-Ser-Gln-Asn-Tvr-Pro-Ile-Vai.  which  is  cleaved  between  Tyr-Pro 
bond,  has  been  used  as  substrate  for  HIV- 1  protease. 

Incorporation  of  Phe(4-NO:)  at  the  P)  site  in  an  oligopeptide  based  on  the 
pl7/p24  cleavage  site  resulted  in  continuous  spectrophotometric  assay  for  HIV-1 
protease.  A  substrate  incorporating  Phe(4-NO:)  at  the  P,'  position  of  the  reverse 
transcriptase-endonuclease  cleavage  site  has  been  reported. 

Here  we  report  a  highly  efficient,  large  scale,  solution  phase  synthesis  of  an 
octapeptide  Val-Ser-Gln-Asn-Phe(4-N02)-Pro-Ile-Val  (Sub-1).  The  octapeptide 
is  a  substrate  for  HIV-1  protease,  and  is  cleaved  between  Phe(4-NO;)-Pro  residues. 
Using  this  substrate,  a  rapid  HPLC  based  assay  was  set  up  for  screening  ot 
HIV-1  protease  inhibitors. 

Results  and  Discussion 

All  the  intermediates  for  the  synthesis  of  Sub-1  were  characterized  by  'H 
NMR  (Varian  XL  400  MHz),  melting  point,  and  AAA. 

The  kinetic  parameters  for  Sub-1  were  determined  by  u%ng  an  HPLC  assay. 
Varying  concentrations  of  the  substrate  were  incubate j  with  HIV-1  protease 
for  30  min  at  room  temperature.  The  reaction  was  terminated  by  addition  ot 
TFA. 

An  HPLC  method  for  the  seperation  of  Sub- 1  from  the  cleavage  product 
was  developed.  An  acetonitrile  gradient  from  15%  to  40%  over  8  min  in  0.05% 
TFA  on  a  Rainin  C|«  Microsorb  short  one  column  at  1.5  ml/min.  gives 
reproducible  separation  of  the  product  from  the  parent  peptide.  Using  a 
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programmable  Hewlett  Packard  LC  with  auto-injector,  all  samples  from  a  96- 
well  microtiter  plate  could  be  analyzed  in  21.5  h. 

The  choice  of  the  octapeptide.  Sub-1,  as  a  substrate  for  HIV-1  protease  was 
modeled  after  the  cleavage  region  between  residues  1 28- 1 35  in  the  gag  polyprotein 
of  HIV- 1  virus.  The  naturally  occurring  residue,  Tyr,  at  P|  position  was  substituted 
by  Phe(4-N02).  This  strategy  has  been  previously  employed  in  the  design  of 
chromogenic  substrates  of  pepsin  and  HIV-1  protease. 

The  HPLC  chromatogram  of  the  incubation  mixture  of  HIV-1  protease  and 
Sub-1  resulted  in  two  peaks  at  3.5  and  6.5  min,  corresponding  to  Val-Ser-Gln- 
Asn-Phe(4-N02)  and  Sub-1,  respectively.  By  varying  the  substrate  concentration 
and  by  measuring  the  formation  of  the  hydrolysis  product  by  HPLC,  the  kinetic 
constants  Km  and  Vmax  were  obtained  from  standard  double  reciprocal  plots. 
Values  of  1.15  mM  and  0.877  /umol/(min  •  mg)  for  Km  and  Vmax,  respectively, 
were  obtained  at  pH  5.5. 

The  substrate  was  synthesized  from  Val-OMe  •  HC1.  Couplings  of  lie,  Pro, 
and  Phe(4-N02)  proceeded  to  give  the  desired  intermediates  in  good  yields. 
Couplings  of  Boc-Asn-ONp  and  Boc-Gln-ONp  to  the  growing  peptide  chain 
produced  the  penta-  and  the  hexapeptides  in  poor  yields  (<52%).  Best  results 
(>85%  yield)  for  coupling  of  Asn  and  Gin  were  obtained  by  using  the  Boc- 
protected  amino  acids  with  WSCI/HOBt  at  low  temperature.  The  penta-  and 
the  hexapeptides  were  purified  by  chromatography  on  Sephadex  LH-20.  Cou¬ 
plings  of  Boc-Ser(Bzl)  and  Boc-Vai  proceeded  smoothly  to  yield  the  protected 
octapeptide  Boc-Val-Ser(Bzl)-Gln-Asn-Phe(4-N02)-Pro-Ile-Val-OMe  in  an  over¬ 
all  yield  of  38.5%. 

Boc  removal  was  achieved  using  6  N  HCl/dioxane.  The  C-terminal  methyl 
ester  was  hydrolyzed  (N.N-dimethvlethanolamine/NaOH)  and  the  benzyl  pro¬ 
tecting  group  on  Ser  was  cleaved  in  HF.  Sub-1  was  obtained  in  an  overall  vield 
of  20%. 
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Introduction 

Based  on  the  principles  elaborated  for  inhibiting  renin  and  related  aspartyi 
proteases,  potent  inhibitors  of  HIV-1  protease  (HIV-1  PR)  were  synthesized. 
Most  of  the  tight  binding  inhibitors  of  HIV-1  PR  were  developed  by  replacing 
the  scissile  peptide  bond  in  substrate  analogs  by  a  transition  state  element. 
Contrary  to  other  aspartyi  proteases,  a  transition  state  element  with  either  (R) 
or  (S)  configuration  at  the  hydroxyl  bearing  carbon  is  tolerated  by  HIV-1  PR 
[2,3],  The  absolute  stereochemistry  required  for  optimal  binding  appears  to  be 
sequence  dependent.  In  an  effort  to  understand  the  stereochemical  preferences 
for  inhibitors  containing  4-amino-3-hydroxy-5-phenylpentanoic  acid  (AHPPA) 
as  a  transition  state  element,  all  four  isomers  of  AHPPA  were  synthesized, 
incorporated  into  a  substrate  analog,  and  tested  in  an  HPLC-based  assay  for 
their  ability  to  inhibit  HIV-1  PR. 

Results  and  Discussion 

Starting  trom  either  Boc-(r.)Phe  or  Boc-(o)Phe.  the  four  isomers  of  AHPPA 
were  synthesized.  The  optically  pure  amino  acids  were  incorporated  into  the 
sequence  Glu-Phe  to  yield  the  desired  inhibitors. 

The  HIV-protease  assay  was  as  follows: 

HIV-1  PR  HIV-1  PR  (50  ng/mL)  was  obtained  from  the  AIDS  Reference  and 
Reagent  Program,  Division  of  AIDS,  NIAID.  NIH,  Rockville,  MD. 

HIV-1  PR  substrate  4.04  mM  solution  of  substrate  ( Val-Ser-Gln-Asn-Phe(4- 
N02)-Pro-Ile-Val)  in  double  distilled  water  was  used  for  the  assay. 

Buffer  50  mM  NaOAc  (pH  5.5)  containing  1  mM  EDTA,  2.5  mM  DTT,  10(7r 
glycerol,  0.2%  NP40. 

Kinetics  The  total  volume  for  each  assay  was  100  qL.  For  K,  determination. 
25  tiL  of  the  enzyme  stock  was  mixed  with  varying  concentrations  of  the  inhibitor, 
and  buffer.  Substrate  (20  nL)  was  added  to  the  reaction  mixture.  The  reaction 
was  terminated  after  30  min  by  addition  of  20  of  TFA.  Quantitation  for 
hydrolysis  of  the  substrate  was  achieved  by  injecting  80  /uL  of  the  reaction  mixture 
on  a  System  GoldrM  HPLC.  Percent  inhibition  was  plotted  against  varying 
concentrations  of  the  inhibitors.  K,  values  were  calculated  from  their  correspon¬ 
ding  IC<„  values  by  using  the  equation  of  Cha  et  al.  [4], 
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Table  1  Inhibiton  constants  for  AHPPA  containing  inhibitors 


Sequence 

K,  (mM)» 

Boc-(iS,  4S)A  H  PP  A-Glu-  Phe 

0.063 

Boc-(JS.4/?)AHPPA-Glu-Phe 

6.67 

Boc-(i*.4S)AHPPA-Glu-Phe 

4.40 

Boc-(3/?,4/?)AHPPA-G!u-Phe 

2.94 

Ac-Ser-Gln-Asn-(3/?S.4S)AHPPA-Val-Val-NH, 

39. 0J 

'Independently  determined  bv  Moore  et  al.  [5], 


The  inhibitory  potency  of  all  four  isomers  of  AHPPA  of  ihese  compounds 
against  HIV-1  PR  is  summarized  in  Table  1. 

Based  on  SAR  obtained  with  a  different  set  of  inhibitors.  Rich  et  al.  [2]  proposed 
that  the  absence  of  residues  P4-P5  and,  the  presence  of  a  P/  residue  favors  (S) 
configuration  at  the  hydroxyl  bearing  carbon  atom.  Our  observation,  the  (3S.4S) 
AHPPA  isomer  is  preferred  over  other  isomers,  is  consistent  with  this  hypothesis. 
The  compound  (JS,4S)AHPPA-GIu-Phe  is  61-times  more  potent  than  the  (3R.4S) 
and  the  ( 3R.4R )  isomers.  Comparison  between  the  ( 3S,4S )  and  the  ( 3S.4R )  isomers 
illustrates  that  the  stereochemistry  of  the  P,  side  chain  is  also  important  in 
determining  the  inhibitory  potency. 

Compound  Boc-(i5.4S)AHPPA-Glu-Phe  is  about  600-times  more  potent  than 
Ac-Ser-Gln-Asn-U/JSWSfAHPPA-Val-Val-NHi,  indicating  that  Glu-Phe  may  be 
a  better  substrate  analog  for  designing  inhibitors  of  HIV-1  PR. 

Of  the  four  isomers  of  AHPPA.  the  (3S.4S)  isomer  is  preferred  over  other 
isomers  for  binding  to  HIV-1  protease.  Incorporation  of  Boc-(JS,  95)  AHPPA 
into  the  sequence  Glu-Phe  resulted  in  a  potent  inhibitor  of  HIV-1  protease. 
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Introduction 

Human  immunodeticiency  virus  (HIV)  is  the  causative  agent  of  the  acquired 
immunodeficiency  syndrome  (AIDS).  The  primary  translation  product  of  this 
viral  genome  is  a  polvprotein.  During  HIV  maturation,  its  precursor  polvprotein 
is  cleaved  by  an  aspartyl  protease,  HIV-1  protease  (HIV-1  PR).  Cell  culture 
studies  using  inhibitors  of  HIV-1  have  shown  that  the  protease  is  essential  for 
viral  replication  ( l]. 

Results  and  Discussion 

HIV-1  PR  exhibits  broadly  defined  substrate  specificity,  and  its  substrates 
may  be  classified  into  three  groups  (A.  B  and  O  based  on  the  residues  present 
at  P,.  P,'  and  P:’  positions  [2|  (Table  1).  In  all  classes,  the  P,  position  is  occupied 
by  hydrophobic  amino  acids.  Class  A  substrates  have  an  imino  acid  (Pro)  at 
Pi'  position,  whereas  in  class  B  and  C  substrates  this  position  is  occupied  by 
hydrophobic  amino  acids,  although  this  residue  is  sterically  small  in  class  C 
substrates.  In  both  class  A  and  B  substrates  the  residue  at  PC  position  is 
hydrophobic,  but  in  class  C  substrates  it  is  a  hydrophilic  amino  acid. 

Tight  binding  inhibitors  of  HIV-1  protease  may  be  designed  by  replacing  the 
Pi-Pi'  amide  bond  in  substrate  analogs  with  nonhvdrolvzable  isostcres  (hydroxy- 

Table  1  Classification  of  HIV- 1  protease  substrates 

Pr  P.  P:  Pi  Pi'  P;'  P.'  Pf _ 

Class  A 

Ser  -  ( iln  -  Asn  -  Tyr  -  Pro  -  lle-Val-GIn 
Ser  -  Phc  -  Asn  -  Phe  -  Pro  -  Gin  -  lie  -  Thr 
Fhr  -  Leu  -  Asn  -  Phe  -  Pro  -  lie  -  Ser  -  Pro 


Class  B 

Ala  -  I  hr-  lie  -  Met  -  Met  -  Gin  -  Arg  -  Gly 

Pro  -  ( >l\  -  Asn  -  Phe  -  Leu  -  Gin  -  Ser  -  Arg 

\re  -  (  Iln  -  \la  -  Asn  -  Phe  -  Leu  -  Gly  -  Lvs 

\rg-lys-  lie  -  Leu  -  Phe  -  Leu  -  Asp  -  Cilv 

Class  C 

Ala  -  Are  -  Val  -  Leu  -  Ala  -  Glu  -  Ala  -  Met 


729 


B.G.  Raju 


Table  2  Substrate  analog  inhibitors  and  their  K,  values 


Inhibitor  no. 

Sequence 

K,  (MM) 

Class  A 

1 

Boc-t^JSlAHPBA-Pro-lle-Val-OCH, 

39.5 

2 

Boc-(27?JS)AHPBA-Pro-Ile-Val-OCH, 

359 

3 

Boc-(.?S  A  H  PB  A-Pro-I  le-Val-OCH , 

387 

4 

Boc-<  jm  H  PB  A- Pro-I  le- Val-OCH , 

343 

Class  B 

5 

Boc-t.’-S'.  J.S')AHPBA-Phe-Leu-OCHiCH! 

** 

b 

Boc-(3/?.iS)AHPBA-Phe-Leu-OCHiCHi 

** 

7 

Boc-(2SJ/?)AHPBA-Phe-Leu-OCH,CH, 

** 

8 

Boc-(  2R.  J/?)A  HPB  A-Phe-Leu-OCHiCH  i 

** 

Class  C 

9 

Boc-(25.Ji')AHPBA-Glu-Phe-OH 

3.26 

10 

Boc-(2/?,iS)AHPBA-Glu-Phe-OH 

17.3 

11 

Boc-<2S.J/?)AHPBA-Glu-Phe-OH 

22.6 

12 

Boc-<  2R,  3R)\H  PB  A-Glu-  Phe-OH 

24 

AHPBA  —  3-Amino-2-hydroxy-4-phenylbutanoic  acid. 
*•  =  Not  soluble  under  assay  conditions. 


ethylene,  statine,  etc.).  To  date  there  are  no  reports  of  inhibitors  of  HIV-1  protease 
containing  phenylnorstatine  as  the  nonhydrolyzable  isostere.  The  present  work 
describes  the  stereochemical  requirements  for  phenylnorstatine  to  serve  as  a 
transition  state  element  when  incorporated  in  substrate  analogs,  and  explores 
different  substrate  sequences  as  a  starting  point  to  develop  inhibitors  of  HIV-1 
protease. 

Synthesis  ol  lour  possible  isomers  of  3-amino-2-hydroxy-4-phenvlbutanoic  acid 
(phenylnorstatine.  AHPBA)  was  achieved  by  a  modification  of  the  reported 
procedure  [3].  The  optically  pure  amino  acids  were  incorporated  in  peptide 
sequences  by  solution  phase  techniques.  HPLC  based  HIV-1  protease  assay  was 
performed  as  described  [4]. 

Replacement  of  the  scissile  amide  bond  in  class  A.  B  and  C  substrates  with 
isomers  of  phenylnorstatine  resulted  in  inhibitors  of  HIV-1  protease  (Table  2). 
Inhibitors  1-4  are  derived  by  incorporation  of  isomers  of  phenylnorstatine  into 
the  class  A  type  of  substrates.  Inhibitor  1  which  contains  the  ( 2S.3S )  isomer 
is  at  least  8-times  more  potent  than  inhibitors  2,  3  and  4.  indicating  that  the 
( 2S.3S )  isomer  is  preferred  over  other  isomers  of  phenylnorstatine.  Inhibitors 
based  on  class  B  type  of  substrates  are  insoluble  under  our  assay  conditions. 
Incorporation  of  isomers  of  phenylnorstatine  into  the  class  C  type  of  substrate 
gives  inhibitors  9-12.  The  inhibitory  constant  (K,  9)  is  in  the  low  micromolar 
range.  In  general,  these  compounds  are  at  least  10-times  more  potent  than  the 
corresponding  class  A  substrate  analog  inhibitors.  Within  class  C  substrate  analog 
inhibitors,  the  ( 2S.3S )  isomer  of  phenylnorstatine  is  preferred  over  other  isomers. 
A  similar  stereochemical  preference  is  obtained  with  the  class  A  type  of  substrate 
analog  inhibitors. 

Of  the  four  isomers  of  AHPBA,  the  (2S,3S)AHPBA  isomer  is  the  preferred 
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transition  state  element  for  the  design  of  substrate  analog  inhibitors  of  HIV-1 
protease.  Incorporation  of  other  three  isomers  of  AHPBA  into  substrate  analogs 
gives  inhibitors  with  lower  affinity  towards  HIV-1  protease.  The  class  C  substrates 
appears  to  be  the  best  starting  point  for  designing  potent  inhibitors  of  HIV-1 
protease  based  on  substrate  analog  sequences. 
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Introduction 

The  X-ray  crystal  structure  of  synthetic  [Aba67-95-167-195]  HIV-1  protease  shows 
the  enzyme  to  be  a  symmetric  dimer  of  identical  monomers  with  four  /3-turns 
per  sub-unit  [1],  By  contrast,  the  X-ray  crystallographic  structure  of  the  same 
enzyme  bound  to  a  substrate-based  inhibitor  [2]  showed  that  the  /3-turn  at  residues 
15-18  had  type  F  geometry  in  one  subunit,  but  type  IT  in  the  other,  compared 
with  type  F  in  both  subunits  of  the  free  enzyme.  To  investigate  the  functional 
significance  of  this,  an  HIV-1  protease  ;  nalog  was  synthesized  incorporating 
a  rigid  bicyclic.  type  IF  /3-turn  mimic  in  lieu  of  the  native  Glv^-Gly1'  in  each 
monomer  ([BTDl(,-r  ll6-|r.Aba<,'g5  lh'  |g5)  HIV-1  protease). 

Results  and  Discussion 

BTD.  a  rigid  bicyclic  /3-turn  analog  mimicking  a  type  IF  turn  (Fig.  1).  was 
synthesized  according  to  the  method  of  Nagai  and  Sato  [3].  The  target  monomer 
sequence,  99  residues  in  length  (SF2  sequence),  contained  L-a-amino-/J-butyric 
acid  (Aba)  as  an  isosteric  replacement  for  cysteine.  Glv^-GIv1'  were  replaced 
with  BTD.  Chain  assembly  of  residues  18-99  was  achieved  on  an  ABI  430A 
svnthesizer  using  highly  optimized  Boc  chemistry  [4],  BOP  activation  was  used 
to  couple  the  Boc-BTD.  and  residues  1-15  were  coupled  manually  as  FOBt 
esters. 

After  cleavage  and  deprotection,  crude  monomeric  protein  was  purified  by 


Fie-  l.  Structure  of  BTD. 
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sequential  G-50  gel  filtration,  isoelectric  focusing  and  RPHPLC.  The  product 
was  characterized  by  ion  spray  MS  (Fig.  2).  Peptide  mapping/mass  spectrometry 
contirmed  the  correct  covalent  structure  of  the  synthetic  protein  and  the  sequence 
location  ot  BTD.  Puntied  monomer  was  folded  into  active  dimer  by  diluting 
a  6  M  Gu  HCl  solution  into  assay  buffer.  [BTDl6-|7n6-||:,Abat,''9-<i|<’'l9-sJ  HIV-1 
protease  was  highly  active,  with  the  same  activity  as  [Aba(’'9?!h7195l  HIV-1 
protease  as  measured  by  the  cleavage  rate  of  a  fluorogenic  substrate  [5]. 

Full  activity  ot  [BTDlt"|,-116-|17,Aba'’7-95  167195  HIV-1  protease  demonstrates  that 
the  type  F  geometry  at  turn  15-18.  115-118  is  not  essential  for  activity.  The 
successful  incorporation  of  BTD  into  the  synthetic  protein  illustrates  a  molecular 
kit  set  approach  to  protein  design  and  synthesis.  Future  experiments  planned 
include  crystallization  of  this  protease  analog,  and  a  comparison  of  its  kinetic 
and  thermodynamic  properties  with  that  of  [Abab795  l67h95]  HIV-I  protease. 
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Introduction 

A  frequently  used  biotinylation  method  is  the  reaction  of  a  peptide  with  the 
N-oxysuccinimide  ester  of  biotin  in  solution.  A  limitation  of  this  method  is 
that  the  biotin  coupling  can  take  place  with  any  amino  group.  Use  of  biotinyl- 
ONp  ester  [1]  to  add  biotin  to  the  N-terminal  amino  acid  residue  during  the 
SPPS  has  been  described  as  well.  But  due  to  the  low  reactivity  of  p-nitrophenvl 
esteis  the  product  is  not  obtained  in  high  yield.  We  have  established  that  the 
HOBt  ester  of  biotin  can  be  used  to  synthesize  peptides  with  a  N-terminal  biotin 
group  rapidly  and  with  high  yield  by  the  solid  phase  technique. 

Results  and  Discussion 

1%  DVB  polystyrene  was  used  as  a  solid  support,  and  the  PAM  group  was 
used  as  anchoring  linkage.  The  Boc  group  was  removed  by  treatment  with  50% 
TFA  in  CHC13  for  30  min  followed  by  neutralization  with  7%  DIPEA  in  DMF 
and  three  washes  with  DMF.  The  peptide  IWGCSGKLICTTAVPWNAS  [2] 
from  the  immunodominant  region  of  gp41  HIV-1  and  its  N-termmal  biotinylated 
analog  were  synthesized  on  a  modified  Beckman  990  synthesizer  with  the 
automatic  amino  acid  preactivation.  The  following  side-chain  protecting  groups 
were  used:  Cys-4-MeBzl:  Ser.Thr-Bzl:  Lvs-ClZ  groups.  Boc-amino  acids  were 
coupled  as  HOBt  esters  in  DMF  for  1  h.  Employing  the  HOBt  ester  of  biotin 
which  was  more  active  than  ONp  or  ONSu  esters  allowed  the  coupling  biotin 
in  1  h  with  the  high  yield.  The  good  solubility  of  biotin  in  DMSO  allowed 
the  use  of  the  automatic  preactivation  to  couple  biotin;  neither  DMF  nor  CH:C12 
were  suitable  for  this  purpose.  The  synthesized  peptides  were  cleaved  from  resin 
and  deprotected  by  treatment  with  the  liquid  HF  containing  5%  p-cresol  and 
5%  p-thiocresol  for  1  h  at  0°C.  The  biotinylated  peptide  was  stable  at  HF  cleavage 
conditions.  The  peptides  were  purified  using  Cg  RPHPLC.  The  AAA  of  peptides 
were  consistent  with  their  expected  compositions.  The  MW  of  peptides  were 
confirmed  by  FABMS. 

The  biotinylated  peptide  was  utilized  in  an  ELISA  to  detect  anti-HIV  antibodies 
in  patient  sera.  Microplates  coated  with  peptide  in  concentration  2  Mg/rnl  ,n 
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0.1  M  PBS  were  incubated  with  the  serum  samples  diluted  1 : 2  in  0.01  M  PBS, 
0.05%  Tween  20  for  30  min  at  37°C.  After  washing  step  the  biotinylated  peptide 
solution  in  0.01  M  PBS,  0.05%  Tween  20  in  concentration  2  Mg/ml  was  added. 
After  incubation  for  30  min  at  37°C  and  washing  the  wells  were  incubated  with 
streptavidin-peroxidase  conjugate.  After  washing  and  incubation  with  substrate 
absorbance  at  492  nm  was  measured.  Of  194  HIV-positive  serum  samples  86.1% 
were  identified  correctly.  None  of  68  samples  of  healthy  blood  donors  was  reacted 
in  immunometric  ELISA.  The  immunometric  ELISA  has  rather  high  sensitivity 
and  high  specificity  when  used  with  undiluted  sera.  Due  to  the  high  specificity, 
this  method  will  find  applications  in  the  diagnosis  and  characterization  of  a 
variety  of  infectious  diseases. 
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Introduction 

T-cell  epitopes  in  the  HIV-1  core  protein  p24,  which  were  predicted  previously 
[1,2]  may  be  important  in  protection  against  HIV-1  or  may  be  involved  in  the 
immunopathology  of  HIV-1.  To  understand  the  relationship  of  T-cell  epitope 
conformation  to  immunogenicity,  a  knowledge  of  their  3D  structure  is  important. 
We  have  chemically  synthesized  a  selected  peptide  epitope  and  studied  its 
conformation  using  CD,  FTIR  and  NMR. 

Results  and  Discussion 

Here  we  report  synthesis  of  T-epitopes  from  the  p24  gag  protein  from  HIV-1 
and  conformational  studies  using  CD  spectroscopy  and  preliminary  2D  NOE 


Fig.  I.  CD  spectra  of  PGI  in  different  solvents. 
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Fi?.  2.  CD  solvent  titration  of  PCI  in  TFF.-water  (100r< .  66<y< .  25%.  14.3%). 

analysis  of  one  T-cell  epitope  PC,I:  F.GVGGPGHKARVLAEAMSQVTNS. 
Peptide  epitopes  were  synthesized  using  an  ABJ  430  A  synthesizer  with  t-Boe 
chemistry.  The  CD  spectra  of  the  peptide  epitope  PG1  in  several  solvents  (TFE. 
MeOH.  water  with  SDS  and  ethanediol-water  2:  l)  at  room  temperature  exhibited 
qualitatively  similar  patterns  -  two  negative  CD  bands  at  about  206  nm  and 
220  nm  and  positive  band  at  about  190  nm  (Fig.  1).  These  features  are 
characteristic  of  cv-helix.  I  he  differences  in  At  intensity  between  these  spectra 
indicated  a  greater  content  of  tv-helix  when  solvent  was  changed  from  ethanediol- 
water  2:1  to  TFE.  In  water,  on  the  other  hand.  PG1  exhibited  one  negative 
band  at  about  205  nm,  which  can  be  interpreted  as  a  mixture  of  a-helix  and 
left-handed  extended  helix  rather  than,  conventionally,  as  a  disordered  spectrum. 
To  elucidate  the  conformations  present  at  equilibrium  in  these  solvents,  careful 
solvent  titration  was  carried  out  (Fig.  2).  The  existence  of  an  isodichroic  point 
is  consistent  with  a  limited  number  of  conformations  being  present  in  both 
solvents.  The  CD  data  tor  PG1  epitope  suggested  a  content  of  ar-helix  ca.  50G . 
which  is  in  agreement  with  that  obtained  from  2D  NOE  spectra. 
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Introduction 

SPPS  has  advanced  to  the  point  where  small  proteins  can  be  successfully 
synthesized.  However,  purification  and  refolding  of  the  synthetic  proteins  remain 
a  challenge.  Biotinylation  of  the  free  N-terminus  prior  to  HF  cleavage  of  the 
protein  followed  by  affinity  chromatography  has  been  successfully  used  to  purify 
[Asp205]  IL- 1  >3  (117-269)  [1].  One  drawback  to  this  technique  has  been  the 
retention  of  the  biotin  moiety  at  the  N-terminus  of  the  protein  which  may/ 
may  not  interfere  with  biological  activity. 

The  protease  from  simian  immunodeficiency  virus  (SIV  protease),  a  99  amino 
acid  protein  having  approximately  90%  homology  with  HIV-2  protease  [2],  was 
chemically  synthesized  by  SPPS.  The  addition  of  a  biotinylated  enzyme  cleavable 
peptidic  extension  to  the  N-terminus  of  the  protein  allowed  for  purification  by 
affinity  chromatography  and  liberation  of  the  non-biotinylated  protein  (Fig.  1). 

Results  and  Discussion 

The  extended  SIV  protease  was  chemically  synthesized  on  an  Applied  Bio¬ 
systems  430A  peptide  synthesizer.  Each  residue  was  double  coupled  followed 
by  capping  with  acetic  anhydride. 

Partial  deprotection  of  the  protein  was  carried  out  on  the  resin  prior  to 
biotinylation  and  HF  cleavage.  DNP  groups  were  removed  using  20%  mercapto- 
ethanol:10%  DIEA:DMF.  The  Trp  residue  was  deformylated  using  1  M 
ethanolamine  in  DMF/5%  water.  The  N-terminal  Boc  group  was  removed  with 
40%  TFA, 

Clip  poiiP 

aomUNKER-P  QFS  LWRRPVVTAHIECQPVEVLL 
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Fry.  I.  SIV  protease  with  a  cleavable.  biotinylated  extension 
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The  resin  was  neutralized  with  D1EA  and  swelled  in  DMF.  NHS-Biotin  in 
DMF  (Pierce  Chemical  Co.)  was  added  and  allowed  to  stir  24  h  at  RT.  The 
resin  was  then  filtered  and  washed  thoroughly  with  DMF  followed  by  DCM/ 
MeOH  and  air  dried.  The  biotinylated  resin  was  then  subjected  to  high  HF 
using  anisole  and  DMS  as  scavengers.  Following  trituration  with  diethyl  ether 
the  crude  protein  was  extracted  with  50fT  acetic  acid,  rotary  evaporated, 
redissolved  in  glacial  acetic  acid,  and  lvophilized. 

An  avidin-agarose  suspension  was  prepared,  and  the  crude  biotinylated 
extended  protein  added  and  allowed  to  stir  I  h.  The  suspension  was  centrifuged 
several  times  discarding  the  supernatant  each  time.  The  suspension  was  then 
transferred  to  a  column  and  thoroughly  washed  prior  to  elution  with  b  M 
guanidine  HC'l.  The  eluted  protein  was  then  dialyzed  for  4S  h  against  2'/  acetic 
acid  and  lvophilized.  The  crude  protein  was  then  dissolved  in  100  ^1  50'  ]  acetic 
acid  diluted  to  2.7  ml  with  water,  the  pH  adjusted  to  4.0  with  1  N  NaOH 
and  allowed  to  stir  24  h  at  RT.  This  was  then  applied  to  a  Centricon  filter 
with  a  MW  cut-off  of  30000.  The  resulting  purified  protease  was  active,  displayed 
a  single  band  in  SDS-PAGE,  and  had  the  expected  N-terminal  sequence. 
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Introduction 

This  report  describes  some  potent  and  effective  HIV-1  protease  (HIVP) 
inhibitors  which  emerged  from  our  SAR  studies  through  modification  of  a 
screening  lead  L-364,505,  a  heptapeptide  renin  inhibitor  which  contains  a 
hydroxyethylene  transition  state  mimic.  SAR  led  us  to  pseudotripeptide  HIVP 
inhibitors  devoid  of  renin  inhibitory  potency  through  optimization  of  P2  to  P2' 
binding  elements.  SAR  studies  at  P|'  and  P2'  will  be  discussed. 

Results  and  Discussion 

As  a  result  of  screening  previously  prepared  renin  inhibitors  in  our  laboratories, 
a  potent  inhibitor  ofHIV-l  protease  L-364. 505  (ICs0  =  73  nM  renin;  1  nM  HIVP 
1  was  discovered.  Compound  1  inhibits  the  spread  of  HIVH|b  infection  in  HQ 
cell  culture  at  50  pM  (MIC100)  after  14  d  as  determined  by  immunofluorescence 
[I].  The  seven  amino  acid  analog  contains  a  Phe-Phe  hydroxyethylene  dipeptide 
isostere  [2(/?),4(S),5(S)Phe-HE-Phe]  of  the  P|-P|'  scissile  bond  found  in  substrates. 
The  goal  of  our  lead  development  was  to  design  an  HIVP  inhibitor  with 
subnanomolar  potency  which  was  effective  in  preventing  the  spread  of  HIV-1 
in  human  T-lymphoid  cell  culture  [2]  with  a  favorable  pharmacokinetic  profile. 

Truncation  of  the  N-terminus  of  compound  1,  in  Table  1,  replacing  BocPhePhe 
[P4P3P2]  with  Boc  [Pi],  afforded  a  pentapeptide  analog  2  which  retained  inhibitory 
potency  but  gained  10-fold  antiviral  activity  [2].  Further  modification  of 
compound  2  at  the  C-terminus  by  replacing  the  dipeptide  unit  LeuPheNH2  [P2'P/] 
with  (S)-phenylglycine  amide  or  with  (S)-phenylglycinoI  contributed  to  the 
development  of  a  novel  conformationally  restricted  m-/3-hydroxvamide  as  P2' 
surrogate,  l(5)-amino-2(R)-hydroxyindane  (AHI)  [3].  BocPhe-HE-Phe-AHI  3 
showed  enhanced  enzyme  potency  (0.4  nM)  and  cell  potency  (400  nM).  Replacing 
phenyl  at  P,'  with  /3-naphthvl  led  to  the  design  of  /ran5-3-phenvlprop-2-ene  (PPE) 
compound  4,  a  highly  potent  protease  inhibitor  (0.23  nM)  with  1 20-fold  enhanced 
cell  potency  relative  to  1  (50  nM). 
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Table  1  Structure-activity  relationships  of  HIV-protease  inhibitors 
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Pendant,  basic,  aqueous  solubilizing  substituents  (B)  were  incorporated  at  Pf 
in  compound  3  without  loss  of  inhibitory  potency  and  were  attached  to  the 
para-position  of  the  P,'  phenyl  ring  in  3  via  a  three  atom  tether.  -O-CFLCHe- 
B.  Retention  of  subnanomolar  I  HYP  inhibitory  potency  was  observed  tor  a 
host  of  basic  substituents  (Table  1)  where  B  =  4-morpholino.  L-689.502  5b 
emerged  as  an  optimal  substituent  based  on  high  enzyme  and  cell  culture  potency. 
L-6S9.502  showed  modest  aqueous  solubility  |5  mg/ml  in  5(f  citric  acid),  which 
significantly  improved  upon  replacing  the  morpholino  group  with  a  quaternary 
ammonium  5g  boosting  solubility  to  >50  mg/ml. 

Integrating  the  potency-enhancing  PPE  group  with  2 -( 4-morpholino )-ethoxy 
solubilizing  group  at  P,'  gave  L-692,030  6  ( I C ,  0.29  nM.  MICioo  25  nM).  one 
of  the  most  potent  inhibitors  tested  to  date.  It  appears  that  the  tether  of  L- 
692.030  extends  toward  solvent  outside  of  the  major  binding  clef t  based  on 
molecular  modeling  studies  using  the  X-ray  crystal  structure  of  the  mhibited- 
HlVP/compound  5b  complex.  The  chemistry  leading  to  L-692,030  is  described 
in  Fig.  1.  Pentapeptide  analogs  were  previously  described  [2-4]. 

In  conclusion,  lead  development  of  L-364.505  afforded  an  optimized  HIVP 
inhibitor  L-692.030  by  reducing  the  peptide  character,  decreasing  the  MW  from 
966  to  699.  and  increasing  the  aqueous  solubility.  L-692.030  is  a  potent 
subnanomolar  HIV-I  protease  inhibitor  devoid  of  renin  inhibitory  activity  and 
effective  in  preventing  the  spread  of  virus  in  human  T-cclls  at  a  concentration 
of  25  nM. 
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1.  LOH.DME.H2O 

2.  TBS-CI .  imidazole 

3.  MeOH 

4.  EDC.  HOBT.  DMF.  2(R)-Hydro*y- 1  (S)-arnnotndane 

5.  LOH.  MeOH 

6.  1-(2-ctitoroethyl)morpho)ine.  CSjCOj  85°C 

7.  TBAF,  THF 


//.?.  /.  Synthesis  of  L-692,030.  Current  methodology  described  for  other  R-X  bv  DeCamp  et  ai  [ f] 
and  for  the  lactone  by  Evans  et  al.  /  6/. 
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Introduction 


Immunization  of  mice  with  transition-state  analogs  for  simple  chemical 
reactions  leads  to  the  production  ot  antibodies  that  recognize  the  substrate  and 
also  catalyse  the  corresponding  reaction  [  1J.  Our  aim  was  to  verify  that  antibodies 
generated  against  protease  inhibitors  could  recognize  both  the  substrate  and 
transition-state  analogs  of  the  model  proteolytic  reaction.  Our  strategy  was  to 
produce  antibodies  against  HIV  PRpl2  aspartyl  protease  substrate  analogs, 
chemically  modified  at  the  scissile  bound.  Analogs  of  peptide  haptens  2,  3  and 
4  have  already  been  shown  to  inhibit  the  HIV  protease  [2,3].  Hapten  5,  bearing 
the  hydroxvethyl  carboxyl  has  not  yet  been  evaluated. 


Results  and  Discussion 

Peptide  haptens  2.  3,  4  and  5  and  substrates  1  and  6  were  synthesized  by 
SPPS  on  MBHA  resin,  using  the  Mob  group  (Cys)  and  Bzl  group  (Ser)  for 
side-chain  protection  and  Boc  strategy  with  PyBOP  as  coupling  reagent  [4], 
In  3  and  5,  the  hydroxvethyl  residues  were  introduced  as  amino  acids  without 
secondary  alcohol  protection.  In  2  and  4,  peptide  bound  modifications  were 
introduced  during  SPPS  on  the  Pro-Val-Val-Ahx-Cys(Mob)  peptide  linked  to 
the  resin.  The  reduced  bound  in  2  was  prepared  by  cvanoborohydride  reduction 
of  BocPheH  adduct.  Hydroxvethyl  amine,  in  4,  was  obtained  by  addition  of 

Ac-Ser-Ala-Ala-X-Val-Val-NHr(CH:)6-CO-Cvs 


I:  Ac-Ser-Ala-Aia-Phe-Pro-Val-Val-NH,  6:  Ac-Ser-Ala-Ala-Phe-Gly-Y'al-Val-NIT 


Ftc.  1.  Structure  of  peptide  haptens  2.  3.  4  and  5  and  substrates  /  and  6 
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Anti-hapien  antiserum  Anti-hapten  antiserum 

Fig.  2.  Substrate  recognition  by  anti-hapten  antisera  from  tour  mice  per  antigen.  Indirect  ELISA 
Heft):  antisera  were  tested  on  substrate  I  coated  at  5  ug/ ml  to  the  wells  of  a  plastic  microtiter  plate. 
Results  are  expressed  as  antibody  titer  which  corresponds  to  the  reciprocal  of  the  antiserum  dilution 
giving  an  absorbance  of  0.2  at  405  nm.  Competitive  inhibition  ELISA  (right):  antisera,  preincubated 
with  various  concentrations  of  substrate  /  were  tested  bv  indirect  F.LISA.  Results  are  expressed  as 
l/lCut  (ug/ml).  In  this  test,  antisera  4  and  5  did  not  recognize  substrate  1. 


the  Boc-amino  epoxide  [3].  After  HF  treatment,  the  crude  peptide  was  purified 
by  RPHPLC  and  linked  to  thyroglobulin  using  the  sulfo-SMCC  coupling  reagent 
(Pierce  Chemical  Co.). 

Mouse  polyclonal  antibodies  were  screened  by  indirect  and  competitive 
inhibition  ELISA  against  the  different  protease  inhibitors  and  against  substrate 
I.  As  shown  in  Fig.  2,  only  the  anti-hapten  2  antisera  recognized  substrate  1. 
These  antisera  also  recognized  four  of  the  five  structures  tested,  with  the  following 
rank  order:  2>4>1>>5;3,  designed  to  resemble  the  transition  state  analog, 
but  devoid  of  the  prolyl  pyrrolidine  ring,  was  not  recognized.  Moreover,  anti¬ 
hapten  3  antiserum  did  not  crossreact  with  6. 

We  noted  that  the  rank  order  of  protease  inhibitor  analogs  recognition  by 
the  antisera  did  not  correspond  to  the  rank  order  of  inhibition  of  the  HIV 
PRpl2  by  these  inhibitors  4»3>2  [2,3].  These  results  argue  in  favor  of  a 
marked  difference  in  recognition  of  the  analogs  between  the  antibodies  and  the 
protease. 
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Introduction 

The  core  of  retrovirus  proteins  contains  highly  conserved  small  basic  proteins 
that  bind  nucleic  acids  and  are  essential  for  genomic  RNA  packaging.  All  these 
nucleocapsid  proteins  (NCp)  possess  one  or  two  CvsX:CysX4HisX4Cys  sequences 
(reterred  as  finger  domains)  which  have  been  demonstrated  to  play  an  important 
role  in  virion  infectivity  [1,2).  In  order  to  elucidate  the  role  of  the  nucleocapsid 
proteins  and  especially  their  finger  domains,  we  have  synthesized:  a)  the  NCp  10 
of  Moloney  Murine  Leukemia  virus  (MoMuLV).  a  56  amino  acid  protein 
containing  only  one  i'l ..^er-like  domain,  which  constitutes  a  useful  model  of 
HIV  NCp7  protein  [3]:  b)  fragments  of  NCp  10  and  c)  the  HIV  NCp7  miniprotein 
(72  amino  acids). 

Results  and  Discussion 

The  complete  sequence  of  MoMuLV  NCp  10  and  various  fragments  (Fig.  1) 
containing  the  finger  domain  as  well  as  the  sequence  1-72  of  the  HIV  nucleocapsid 
protein,  designated  NCp7.  possessing  two  Cys-His  boxes  were  synthesized  by 
SPPS  [4]  using  Fmoc  chemistry  and  HMP  resin  on  a  Applied  Biosvstems  model 
43 1  A,  with  HOBt-DCC  as  coupling  reagent.  The  peptides  were  purified  by 
RPHPI  C  on  a  RP300  column  using  H20.  CH2CN  gradients.  The  synthetic 
molecules  were  eluted  as  single  peak  in  HPLC  and  the  sequences  were  confirmed 
by  AAA,  sequencing  and  MS.  Thiol  dosage  agreed  with  the  theoretical  value 
of  free  cysteine  for  all  the  molecules.  The  major  difficulty  encountered  during 
purification  was  to  preserve  highly  oxidizable  cysteine  residues  in  a  reduced 
form.  All  manipulations  were  therefore  carried  out  in  an  inert  atmosphere,  and 
compounds  with  free  cysteines  were  easily  obtained  with  a  high  degree  of  purity. 
The  activity  of  the  synthetic  peptides  was  determined  by  two  in  vitro,  biological 
assays:  the  dimerization  of  MoMuLV  RNA  (or  HIV  RNA)  and  the  annealing 
of  tRNAPro  (or  tRNALvs)  on  genomic  RNA  for  NCplO  and  derivatives  (or 
NCp7).  respectively  [5]. 

The  native  proteins  NCplO  (1-56)  and  NCp7  (1-72)  are  highly  active,  at  least 
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Fig.  1.  Primary  sequence  of  NCpIO,  NCp7  and  derivatives. 


as  efficient  as  native  proteins  extracted  from  the  virions,  yielding  dimerization 
and  even  polymerization  of  genomic  RNA.  and  catalysis  of  tRNA  annealing. 

In  contrast,  the  finger  domain  P4  and  the  C-  or  N-terminal  elongated  fragments, 
Pi  and  P,  were  unable  to  dimerize  RNA  and  to  catalyze  tRNA  annealing.  The 
activity  was  recovered  with  the  peptide  P,,  elongated  on  both  sides  of  the  zinc 
finger  domain.  These  data  suggest  that  the  Cys-His  box  is  not  the  most  important 
part  of  the  protein  implicated  in  nucleic  acid  recognition.  It  could  be  hypothesized 
that  basic  residues  surrounding  the  finger  domain  are  responsible  for  this  binding 
and  that  the  finger  domain  may  stabilize  lateral  chains  in  a  favorable  conformation 
for  interaction  with  the  target  nucleic  acids.  Additional  studies  on  NCpIO  and 
its  derivatives  involved  fluorescence  and  NMR  spectroscopy.  The  fluorescence 
increase  of  Trp  residue  allowed  the  Zn2+  affinity  constant  to  be  determined. 
In  all  peptides,  the  apparent  constant  Kapp  was  around  1013  M*1  under 
physiological  conditions.  The  fluorescence  transfer  measurement  (Tyr-Trp)  re¬ 
flects  a  folding  of  the  peptide  backbone  by  complexation  of  the  metal.  A  detailed 
model  of  this  constrained  conformation  was  obtained  from  NMR  spectroscopy 
and  molecular  modeling. 
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Introduction 

The  aspartyl  proteinase  renin  catalyzes  the  first  step  of  the  renin-angiotensin 
system,  which  plays  a  key  role  in  the  regulation  of  blood  pressure  and  fluid 
volume.  While  considerable  progress  has  been  made  in  the  design  and  synthesis 
of  highly  potent  inhibitors  of  renin  for  the  treatment  of  hypertension,  current 
inhibitors  suffer  from  limited  oral  absorption  and  short  duration  of  action  [1]. 
Macrocyclic  renin  inhibitors  could  provide  a  solution  to  these  problems  through 
stabilization  of  the  resulting  structures  toward  proteolytic  enzymes.  The  oral 
bioavailability  of  cyclosporin  [2],  a  cyclic  undecapeptide,  suggests  that  cyclic 
renin  inhibitors  could  show  good  oral  absorption. 

Results  and  Discussion 

Examination  of  the  computational  model  of  the  human  renin  active  site 
developed  at  Merck  [3]  suggested  that  the  P2  and  P('  side  chains  of  angioten- 
sinogen,  renin’s  only  naturally  occurring  substrate,  occupy  a  common  hydro- 
phobic  region  within  the  enzyme.  In  our  initial  studies  [4],  we  found  that  linking 
these  elements  provided  a  viable  design  for  macrocyclic  renin  inhibitors  of  the 
general  structure  1  (Table  1),  with  X,Y  =  CH2,NH  or  NH,CH2  (inhibitors  la 
and  lb,  Table  1).  Unlike  previously  reported  nonpeptidic  macrocyclic  renin 
inhibitors  [5-7],  these  structures  contain  a  scissile  bond  replacement  within  the 
macrocycle  itself.  Substitution  of  inhibitor  la  at  R,  corresponding  to  P2',  gave 
compounds  such  as  lc,  with  greatly  increased  activity. 

In  order  to  decrease  the  peptide  character  of  these  inhibitors  by  eliminating 
an  amide  bond,  compounds  with  oxygen  at  X  or  Y  were  synthesized.  Serine- 
derived  macrocycle  Id  proved  to  be  a  highly  potent  inhibitor.  Substitution  at 
R  only  slightly  affected  activity.  More  importantly,  it  allowed  tor  the  introduction 
of  solubilizing  groups  such  as  morpholine  in  inhibitor  le  and  dimethylamine 
in  inhibitor  If. 

Replacing  the  ‘Boc-Phe’  moiety  of  inhibitor  le  with  a  variety  of  substituents 
thought  to  add  increased  solubility  and  perhaps  bioavailability  led  to  highly 
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Table  1  Inhibition  of  human  plasma  renin  by  PrPt  linked  macrocycles 


Compound 

n 

X 

Y 

R 

IC50  (nM)a 

Sa 

0 

CH, 

NH 

H 

610 

lb 

1 

NH 

CH, 

H 

590 

1c 

0 

CHi 

NH 

isoBu 

4.2 

Id 

1 

O 

CH, 

H 

3.4 

le 

! 

O 

CH, 

CH,N(CH,CH,),0 

0.8 

it 

1 

0 

CH, 

CH,N(CH,)2 

3.9 

1  Determined  at  pH  7.4  [8]. 


potent  derivatives  including  2  (Fig.  1,  IC50  1.1  nM)  and  3  (Fig.  1,  IC50  0.23 
nM).  Inhibitor  2  was  more  active  in  vivo,  lowering  blood  pressure  (maximum 
drop  29  mm  Hg)  for  more  than  6  h  in  sodium-depleted  rhesus  monkeys  following 
an  oral  dose  of  15  mg/kg.  Plasma  renin  was  completely  inhibited  during  the 
course  of  the  experiment.  This  compound  proved  to  have  limited  oral  bioa¬ 
vailability  (1.2%  in  rats),  in  part  due  to  the  cleavage  of  the  serine  ester  bond. 
As  a  potential  solution  to  this  problem,  the  ester  was  replaced  with  a  sulfur 
linkage  to  give  sulfide  inhibitors  4  (Fig.  1,  1C50  5.8  nM)  and  5  (Fig.  1,  IC50 
0.35  nM).  Following  an  oral  dose  of  10  mg/kg,  inhibitor  5  lowered  blood  pressure 
(maximum  drop  23  mm  Hg)  for  more  than  6  h  in  sodium-depleted  rhesus  monkeys; 
plasma  renin  was  inhibited  >90%. 

In  summary,  a  computational  model  of  the  human  renin  active  site  has  been 
instrumental  in  the  design  of  highly  potent,  P2-P|'  linked  macrocyclic  renin 
inhibitors.  The  best  derivatives  are  orally  active,  lowering  blood  pressure  in 
vivo  for  more  than  6  h  at  10-15  mg/kg. 


Fi%  I.  Structures  of  orally  active  macrocyclic  renin  inhibitors. 
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Introduction 

Platelet  aggregation  is  an  important  component  in  the  thrombotic  process 
and  is  present  in  a  wide  variety  of  pathological  circumstances.  Platelets  become 
activated  by  a  variety  of  physiologically  relevant  substances  after  which  the  platelet 
fibrinogen  receptor  appears  in  functional  form  on  the  platelet  surface.  This 
heterodimeric  receptor  (gp  Ilb/IIIa,  integrin  aIIb/J3)  binds  multiple  sites  on 
fibrinogen  thus  bridging  between  platelets  to  form  aggregates  that  subsequently 
lead  to  thrombi.  Antagonism  of  the  gp  Ilb/IIIa-fibrinogen  interaction  therefore 
represents  an  attractive  approach  to  antiplatelet  drugs  -  successful  antagonists 
would  block  platelet  aggregation  irrespective  of  the  activating  stimulus. 

Gp  Ilb/IIIa  binds  fibrinogen,  in  part,  through  the  peptide  sequence  RGD 
present  in  the  fibrinogen  a-chain  [1,2].  This  study  presents  results  achieved  in 
the  design  of  mimics  of  the  RGD  sequence  that  block  fibrinogen  binding  to 
gp  Ilb/IIIa  and  inhibit  platelet  aggregation  in  vitro  and  in  vivo. 

Results  and  Discussion 

Previous  studies  have  shown  that  peptides  containing  the  RGD  sequence  block 
gp  Ilb/IIIa  and  prevent  the  aggregation  of  human  platelets  [3].  Due  to  rapid 
degradation,  these  peptides  are  relatively  ineffective  in  vivo.  Recently  it  was 
shown  that  deletion  of  the  arginine  a-amino  group  blocked  aminopeptidase  action 
and  rendered  several  analogs  stable  in  human  plasma  [4],  The  best  analog  from 
the  earlier  study,  desamino-RGDY(Me)-NH2  4,  exhibited  a  modest  increase  in 
potency  over  peptides  in  the  inhibition  of  binding  of  l25I-fibrinogen  to  activated 
human  platelets  and  in  the  inhibition  of  aggregation  of  human  platelet  rich 
plasma  (Table  1).  In  order  to  further  simplify  the  molecule,  the  C-terminal 
carboxamide  was  deleted  affording  an  analog  3  of  equivalent  potency.  Inter¬ 
estingly,  when  the  carboxamide  was  deleted  in  the  context  of  arginine,  the  analog 
2  was  inactive.  It  appears  that  the  Arg  a-amino  group  enforces  an  active  site 
orientation  that  also  requires  C-terminal  carboxyl  functionality;  when  the  amino 
group  is  absent,  this  requirement  is  relieved. 

When  the  Arg-Gly  amide  bond  was  replaced  by  aminomethylene  an  inactive 
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Table  1  Inhibitory  activities  of  RGD  mimetics  against  I -fibrinogen  binding  to  activated 
human  platelets  and  aggregation  of  human  platelet  rich  plasma  [4].  IC\„  values  are  reported; 
intra-assav  variation 5rT.  inter-assav  variation  with  different  donors  -5  Of 
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CH, 
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0.20 

1.2 

analog  5  resulted,  however  replacement  of  the  bond  by  ethyl  afforded  a  mimetic 
6  with  excellent  potency.  All  ot  the  results  to  this  point  support  the  idea  that 
a  hydrophobic  domain  exists  on  the  receptor  near  the  amino  terminus  of  the 
inhibitor,  and  we  might  hope  to  further  optimize  this  interaction.  Carboxyl 
functionality  in  the  form  ot  amide  7,  8.  ester  9  and  acid  10  was  re-introduced 
into  the  C-terminal  portion  ot  the  RGD  mimics  and  a  significant  increase  in 
potency  was  noted  for  the  carboxylic  acid  containing  analog.  8-guanidinooctanoyl- 
Asp-Phe.  The  chain  length  requirement  for  the  8-GO  mimic  was  examined  in 
the  context  of  the  carboxyl  deleted  analog  6.  While  the  9  carbon  analog  12 
exhibited  good  potency,  the  7  carbon  and  the  10  carbon  guanidinoalkanamides 
11  and  13  were  poor  inhibitors.  Variation  of  the  aryl  portion  of  the  molecule 
in  the  context  of  the  preferred  C-terminal  carboxylic  acid  improved  the  potency 
of  the  analogs.  Replacement  of  phenyl  alanine  with  tryptophan  16,  2-naph- 
thylalanine  17  and  1-naphthvlalanine  18  afforded  very  potent  analogs.  The  3- 
pyridvlalanine  analog  15  was  also  a  potent  compound.  It  can  be  concluded  from 
this  work  that  the  8-guanidinooctanoyl  moiety  in  the  RGD  mimics  sustains  the 
critical  charge  interaction  required  for  binding  and  uncovers  a  hydrophobic 
interaction  in  gp  Ilb/IIIa  that  serves  to  increase  the  affinity  of  interaction.  This 
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Fig.  I.  Inhibition  of  ex  vivo  platelet  aggregation  during  a  2  h  infusion  of  S-guantdinooctanoyl-Asp- 
Phe  (10)  in  conscious  dogs;  n  =  4  at  each  dose,  values  reported  are  group  mean  ± standard  error. 


alteration  in  structure  also  relieves  the  requirement  for  carboxyl  functionality 
at  the  C-terminus  of  the  molecule,  nevertheless,  optimal  potency  is  observed 
for  mimics  containing  a  carboxylic  acid  in  this  position.  Additionally,  these 
compounds  are  stable  when  incubated  in  human  plasma  demonstrating  their 
relatively  improved  metabolic  profile  (data  not  shown). 

The  RGD  mimics  of  this  study  were  also  effective  antiplatelet  agents  in  vivo. 
The  prototype  compound  10  was  infused  at  different  doses  to  steady  state  in 
conscious  dogs,  and  the  aggregation  of  platelet  rich  plasma  induced  by  collagen 
or  ADP  was  examined  ex  vivo.  As  can  be  seen  in  Fig.  1,  steady  state  levels 
of  the  drug  were  achieved  after  45  min  of  infusion,  and  an  ED50  dose  was 
achieved  at  7.5  jzg/kg/min.  When  the  infusion  was  terminated,  full  platelet 
function  reappeared  with  a  t,/2  of  28  min. 

Compound  10  was  also  examined  in  a  canine  model  of  tissue  plasminogen 
activator  mediated  coronary  thrombolysis  in  which  platelets  rapidly  reocclude 
the  vessel.  When  10  was  infused  with  tPA  at  30,  60  or  80  /ug/kg/min  reocclusion 
of  the  coronary  artery  was  completely  inhibited  and  the  effect  persisted  even 
beyond  the  end  of  the  drug  infusion.  Importantly,  at  the  higher  dose,  the  time 
required  for  tPA  to  achieve  reperfusion  of  the  vessel  was  decreased  by  50% 
over  controls. 

We  conclude  that  the  mimics  of  the  RGD  sequence  reported  here  are  potent 
and  effective,  reversible  antiplatelet  agents  that  exhibit  significant  activity  in 
vivo.  These  agents  offer  attractive  opportunities  for  the  treatment  of  platelet 
mediated  thrombotic  disorders  in  man  and  are  currently  in  clinical  development. 
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Introduction 

Thrombolytic  therapy  is  often  hampered  with  an  incidence  of  reocclusion 
following  the  initial  thrombolysis.  The  use  of  antibodies  to  inhibit  the  binding 
of  fibrinogen  to  the  glycoprotein  GPIIhIIIa  on  activated  platelets  has  been  shown 
to  enhance  the  efficacy  of  thrombolytic  agents  and  prevent  reocclusion  [1]. 
GPIIhIlIa,  a  member  of  the  integrin  superfamily  of  adhesion  receptors,  can  be 
inhibited  from  binding  fibrinogen  with  peptides  containing  the  tripeptide  sequence 
Arg-Glv-Asp  (RGD)[2].  This  tripeptide  sequence  is  found  in  fibrinogen  as  well 
as  the  other  known  ligands  of  GPIIhIII  ,.  fibronectin  and  von  Willebrand  factor. 
Our  goal  has  been  to  synthesize  small  cyclic  (and  hopefully  rigid)  RGD  containing 
peptides  potent  enough  at  inhibiting  platelet  aggregation  to  be  useful  in 
conjunction  with  thrombolytic  therapy. 

Results  and  Discussion 

We  chose  to  synthesize  RGD  containing  peptides  within  an  18-membered 
framework  (Fig.  1).  We  wanted  to  retain  the  a-carboxvlate  on  the  residue  adjacent 


d,  i 


n  =  -1,0,1 

R  =  H,  ? 


Fie.  I  Cvclic  ROD  framework. 
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Tabic  1 


Platelet  aggregation  inhibitory  activities a  of  cyclic  thioethers 


X 

IC»0*M) 

X 

'  IC50  (mM) 

Gly 

5.0 

Tyr 

17 

CO.H  H's 

5.4 

D-Tvr 

0.30 

X-Arg-Gly-Asp-v  ^ 

N  ^ 

- S 

D-His 

Pro 

2.7 

9.8 

Ala 

D-Ala 

20 

2.9 

D-Pro 

2.2 

Lys 

nt 

Thr 

15 

D-Lys 

3.0 

o-Thr 

1.2 

Glu 

nt 

d-G1u 

23 

J  Inhibition  of  ADP  (16  pM)  activated  human  PRP. 

to  the  Asp  residue  and  be  able  to  generate  a  large  number  of  analogs.  In  the 
thioether  series  (Table  1)  we  found  that  substitution  of  an  L-amino  acid  residue 
preceeding  the  Arg  resulted  in  compounds  with  decreased  potency  relative  to 
a  Gly  residue.  A  D-amino  acid  substitution  greatly  enhanced  the  potency  (with 
the  exception  of  D-Asp  and  d-G1u)  relative  to  Gly.  t  . 

Oxidation  of  the  thioethers  resulted  in  diastereomers  sulfoxides  which  were 
separated  by  HPLC.  In  all  cases,  one  sulfoxide  was  more  potent  than  the  parent 
thioether.  The  sulfur  could  be  replaced  by  either  an  oxygen,  nitrogen,  or  methylene 
group  (Table  2).  The  methylene  substitution  results  in  the  most  potent  inhibitor 
of  platelet  aggregation.  Deletion  of  the  sulfur  (now  it  is  a  Glu  residue)  results 
in  an  analog  with  an  IC50  of  0.70  /iM. 

The  potency,  stability,  and  rigidity  of  these  compounds  make  them  important 
leads  in  the  development  of  rationally  designed  organic  molecules  and/or  orally 
active  antagonists  of  thrombosis. 

Table  2  Platelet  aggregation  inhibitory  activities  of  different  cyclic  compounds _ _ 

X _ 1C<„  (mM) 

S  0.40 

SO  0.19 

O  1.4 

NH  0.53 

CHj _ 0.08  _ 

Valine  is  of  the  d  configuration. 


COzH 


.val-Arg-Gly-Asp .  H 
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Introduction 

The  tripeptide.  L-prolyl-L-leucy!glvcinamide  (PLG),  is  capable  of  modulating 
dopaminergic  receptors  in  the  central  nervous  system  [l].  Previously  we  showed 
that  the  incorporation  of  the  7-lactam  /3-turn  mimic  of  Freidinger  et  al.  [2] 
into  PLG  gave  an  analog,  compound  1,  which  was  10000  times  more  potent 
than  PLG  in  modulating  dopamine  receptors  [3,4],  This  finding  led  us  to 
hypothesize  that  the  bioactive  conformation  of  PLG  is  a  type  II  /J-turn.  In 
order  to  further  define  the  bioactive  conformation  of  PLG  two  series  of  analogs 
of  1  have  been  synthesized  (Table  1).  In  one  series,  compounds  2-6,  the  7- 
lactam  residue  has  been  retained  while  either  the  prolyl  residue  has  been  replaced 
with  other  residues  or  the  lactam  carbonyl  replaced  with  the  thioamide  function. 
In  the  second  series,  compounds  7-12.  the  7-lactam  residue  has  been  replaced 
with  different  sized  lactam  constraints  so  as  to  vary  the  ^¥2  torsion  angle.  Since 
the  potential  key  NOE  between  the  o-proton  of  the  i+  1  residue  and  the  amide 
proton  of  the  i  -t-  2  residue  in  a  //-turn  is  lost  in  the  PLG  lactam  analogs  1- 
12  because  of  the  bridging  unit  between  these  two  positions,  the  dependence 
on  temperature  and  solvent  composition  of  the  amide  proton  chemical  shifts 
of  these  analogs  was  measured  in  order  to  determine  which  compounds  existed 
in  a  bend  conformation  similar  to  that  found  for  PLG. 

Table  1  Conformationally  constrained  analogs  of  PLG 


X 


No.  R  X 


1  Pro  O 

2  L-A'4-Pro  O 

3  D-A'<-Pr0  O 

4  Thz  O 

5  Aze  O 

6  Pro  S 


7  -  R 

8  CH.CH,  R 

9  (CHj),  R 

10  (CHVh  S 

11  C  =  6  R 

12  O  R 
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Table  2  Data  from  NMR  temperature  and  solvent  composition  studies 


Compound 

Temp.  Coeff.  (A6/K) 

A6  0-70%  TFE  in  DMSO 

Trans  CO NH: 

Cis  CONH2 

Trans  CONHj  Cis  CONH2 

PLG  HC1 

3.57(3.1)- 

4.16(5.1)- 

0.189 

0.463 

1 

3.02 

5.34 

0.007 

0.485 

1  HCI 

3.58 

4.71 

0.207 

0.439 

2  •  HC1 

3.51 

4.78 

0.216 

0.451 

3  HCI 

3.96 

4.61 

0.242 

0.466 

4  HCI 

3.72 

4.71 

0.258 

0.485 

5  HCI 

3.51 

4.67 

0.165 

0.463 

6  HCI 

3.61 

4.50 

0.296 

0.525 

7  HOAe 

3.24 

5.31 

0.096 

0.658 

8  HCI 

3.95 

4.57 

0.299 

0.609 

9  HCI 

7.68 

7.17 

0.361 

0.565 

10  HCI 

4.00 

4.61 

0.383 

0.585 

11  HBr 

3.93 

4.29 

0.333 

0.655 

12  HCI 

5.50 

7.24 

0.354 

0.661 

1  Data  in  parentheses  is  from  [5]. 


Results  and  Discussion 


The  temperature  coefficients  in  DMSO  of  the  carboxamide  protons  of 
PLG  - HCI  and  analogs  1-12  as  well  as  the  change  in  chemical  shifts  of  these 
protons  on  titrating  from  KXMfr  DMSO  to  70^  TFE/30c7f  DMSO  are  shown 
in  Table  2.  Except  tor  lactam  9  the  trans-carboxamide  proton  of  the  lactam 
analogs  has  a  smaller  temperature  coefficient  than  the  cis  proton.  The  chemical 
shift  of  the  trans-carboxamide  proton  of  1-12  also  showed  a  small  dependence 
on  solvent  composition,  whereas  the  chemical  shift  of  the  cis  carboxamide  protons 
changed  dramatically  when  going  from  DMSO  to  TFE.  These  NMR  studies 
indicate  that  the  trans-carboxamide  proton  of  most  of  the  lactam  analogs  studied 
may  be  intramolecularly  hydrogen  bonded  to  least  some  extent  in  DMSO.  In 
particular,  the  y-  and  /3-lactam  analogs  1  and  7,  respectively,  behave  like 
PLG  HC1. 
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Introduction 

Recently  several  potent  choiecystokinin  (CCK)  antagonists  have  been  reported 
(Fig.  1)  [  1  —3 1.  Our  efforts  were  directed  toward  establishing  a  link  among 
benzotript  [4],  proglumide  and  the  benzodiazepine  series,  which  has  resulted 
in  new  potent  CCK  antagonists. 

Results  and  Discussion 

The  series  of  tryptophan  derived  CCK  antagonists  [4-6]  were  prepared 
according  to  a  conventional  solution  method  by  reacting  substituted  tryptophan 
with  /V-phenylalkvlamine  or  /V-phenylalkylglvcine  ester,  and  they  were  purified 
by  chromatography,  crystallization  and  their  structures  were  identified  by 
spectroscopic  methods  and  elemental  analyses.  In  vitro  and  in  vivo  testings  were 
carried  out  according  to  the  published  procedures  [ 7— 10 J.  The  structures  and 
in  vitro  activities  are  listed  in  Table  1. 

Introduction  of  A'-phenylalkylamine  or  N-phenvlalkylglycine  derivative  to  the 
substituted  tryptophan  improved  affinity  for  pancreatic  CCK  receptors.  A  change 
of  alkyl  size  of  A-phenylalkvl  group  from  1  to  2  increased  the  binding  affinity. 
Configuration  of  tryptophan  did  not  change  the  activity.  The  SAR  for  the 
tryptophan-based  antagonist  series  generally  parallels  that  reported  for  the 
glutamic  acid  series  [2].  Compound  12  (BTM-18216)  showed  a  very  potent  in 


Fig.  I.  CR  1409  [I  J,  A-64.718  [2] and  L-364.7 18  [3],  a  novel  benzodiazepine,  possess  enhanced  potency 
over  their  progenitor,  proglumide.  have  a  potent  and  good  selectivity  for  peripheral  CCK  receptors. 
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Table  1  Structure-activity  relationships  of  a  series  of  tryptophan-derived  CCK  antagonists 


A  r 


No. 

Ar 

m 

A 

CJ 

Receptor  binding 

IC5„(mM) 

Inhibition 
of  amylase 
IC<n  (/jMI 

Pancreas 

Cortex 

1 

4-chlorophenyl 

i 

CFLCCLH 

s 

12.5 

2 

4-fluorophenyl 

i 

CH2CO,H 

s 

6.8 

3 

3,4-dichloropheny! 

i 

ch2co,c1h< 

s 

1.6 

3.2 

4 

3,4-dichlorophenyl 

i 

CHiCOiH 

s 

8.4  ±2.6 

5 

3,4-dichlorophenyl 

i 

CHj 

s 

1.7 

5.3 

6 

3,4-dichlorophenyl 

i 

CH, 

R 

1.8 

3 

7 

3,4-dichlorophenyl 

2 

CH2CO,H 

s 

0.32  ±  0.09 

>  1000 

0.45  ±0.078 

8 

3,4-dichlorophenyl 

2 

ch2co2h 

R 

0.3 

9 

4-fluorophenyl 

2 

CHi-CO'OH< 

s 

0.6 

10 

4-fluorophenyl 

2 

ch2-co,h 

s 

0.34  +  0.1 

>  1000 

1.19  ±0.07 

11 

2-indolyl 

2 

ch2-co,c,h5 

s 

0.2 

12 

2-indolyl 

2 

ch2-co,h 

s 

0.02  ±0.01 

>  1000 

0.069  ±0.016 

13 

2-indolyl 

2 

CH-i-COiH 

R 

0.04  ±  0.002 

>  1000 

14 

3-quinolvl 

2 

CLU-CCUH 

s 

0.16  ±0.02 

>  1000 

15 

2-naphthyl 

2 

ch2-co2h 

s 

0.50  ±0.15 

>  1000 

Lorglumide  (CR  1409) 

0.13 

30 

Benzotript 

466 

>  1000 

J  Configuration. 


vivo  antispasmodic  activity  in  the  mouse  gallbladder  emptying  model  (ED50  —  0.4 
mg/kg,  i.p.)  or  in  the  mouse  gastric  emptying  model  (ED50  =  5.8  mg/kg,  i.p.). 
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Introduction 

Synthetic  peptides  containing  Arg-Gly-Asp  inhibit  binding  of  fibrinogen  (Fg) 
to  its  receptor  (GPIIb/IIIa)  thereby  inhibiting  p'atelet  aggregation  and  thrombus 
formation.  We  have  reported  previously  on  SAR  studies  of  active  Fg-receptor 
antagonists  that  culminated  in  the  highly  potent  antagonist  6.  SK&F  106760. 
developed  through  systematic  studies  employing  conformational  constraints  in 
the  Fg  fragment  1  f  1-?].  Continuation  of  these  studies  has  led  to  the  development 
of  SK&F  107260  and  other  potent  analogs  reported  herein. 

Results  and  Discussion 

We  have  continued  to  employ  modifications  known  to  reduce  conformational 
flexibility.  As  reported  earlier  [I-3|.  enclosure  of  the  RGD  sequence  into  a  cyclic 
pentapeptide  resulted  in  enhanced  activity  (2.  Table  1 ).  Replacing  the  C-terminal 
Cvs  with  the  more  lipophilic  and  conformationallv  restricting  Pen  residue,  resulted 
in  3  with  4X  improvement  in  activity.  However,  replacing  the  N-terminal  Cvs 
with  Pen  had  little  or  no  effect  (4  or  7).  Addition  of  a  methyl  group  on  the 
a-amino  ot  arginine  afforded  5  and  6  with  considerable  enhancement  of  in  vitro 
potency  and  affinity,  as  measured  by  receptor  binding.  To  investigate  the  effect 
of  modification  of  the  N-  and  the  C-termini  in  6,  analogs  8-14  were  synthesized. 
Lipophilic  acyl  substitution  do  not  dramatically  alter  potency  (8-10).  Des-acetyl 
analog  11  displayed  better  potency  and  affinity  than  6  and  the  des-acvlamino 
analog  12  exhibit  similar  activity  as  6.  These  results  suggest  that  substitutions 
at  the  N’-terminus  contribute  very  little  to  potency.  On  the  other  hand,  the  free 
carboxyl  analogs  13  and  14  are  more  potent  than  the  carboxyamide  6.  In  search 
of  alternate  structures  replacing  the  sulfur  bearing  residues,  that  also  constrain 
conformation  and  enhance  lipophilicitv.  the  2-mercaptoaryl  moieties  Mbah  and 
Man'  looked  appealing.  Replacing  Mba  for  Ac-Cvs  in  2  resulted  in  15.  Replacing 
Man  for  CysNH:  in  2  or  Pen-NH^  in  3  resulted  in  16.  Both  15  and  16  display 
twice  the  activity  of  2  ’'ut  half  of  3.  Surprisingly,  replacing  Mba-Man  for  the 
N"  Ac-Cvs-Pen-NH;.  in  3  resulted  in  17  that  exhibited  considerably  enhanced 
activity  and  affinity  similar  to  6.  The  novel  Mba-Man  cystine  mimetic  features 
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Table  1  Structure-activity  study  leading  to  the  development  of  SK&F  107260 


IC50  (mMP 

K,  (MM)b 

K  (MM)c 

1 

Ac-RGDS-NH2 

91 .3  ±  0. 1 

4.2 

2 

Ac-cvclo(S,S)-CRGDC-NFL 

16.2  ±  5.85 

0.78 

3 

Ac-cyclo(S,S)-CRGDPen-NH? 

4. 1 2  ±  0.6 

NT 

4 

Ac-cyclo(S.S)-Pen-RGDC-NFL 

7.97+1.47 

0.188 

5 

Ac-cvclo(S,S)-C(N“-Me)RGDC-NH1 

0,91+0.2 

0.043 

6 

Ac-cvclo(S,S)-C(Na-Me)RGD-Pen-NH, 

SK&F  106760 

0.36  ±0.04 

0.058  ±0.02 

0.15  ±0.05 

7 

Ac-cyclo(S,S)-Pen-(N,*-Me)RGD-Pen-NFL 

0.37  ±0.13 

0.0025 

8 

BzlJ-cyclo(S.S)-C(Na-Me)RGD-Pen-NHi 

0.20  ±0.07 

0.014 

0.22 

9 

Vlyc-cyclo(S.S)-C(Na-Me)RGD-Pen-NFL 

0.25  ±0.06 

0.026 

0.5 

10 

Pac'-cvclo(S.S)-C(Na-Me)RGD-Pen-NFL 

0.28  ±0.07 

0.035 

0.5 

11 

H:N-cyclo(S.S)-C(Na-Me)RGD-Pen-NFL 

0.20  ±0.04 

0.009 

0.088 

12 

Mpril-cvclo(S,S)-(N'i-Me)RGD-Pen-NFL 

0.34  ±0.1 1 

0.0243 

NT 

13 

Ac-cvcio(S,SFC(Na-Me)RGD-Pen-OH 

0.08  ±0.02 

0.0085 

0.065 

14 

HiN-cyclo(S,SFC(Na-Me)RGD-Pen-OH 

0. 1 2  ±  0.0 1 

0.00480. 

0.038 

15 

cyclo(S,S)-Mbah-RGDC-NH2 

8.08  ±2.7 

NT 

16 

Ac-cyclo(S,S)-CRGD-Man‘ 

9.71  ±  1.05 

0.28 

46  %@10 

17 

cyclo(S,S)-Mba-RGD-Man 

0.29  ±0.09 

0.0469 

18 

cyclo(S,S)-Mba-(Na-Me)RGD-Man 

SK&F  107260 

0.09  ±0.02 

0.0024 

19 

Ac-cyclo(S,S)-C(Na-Me)RGD-Man 

0.17  ±0.04 

0.026 

0.15  ±0.008 

20 

cyclo(S.S)-Mba-lNa-Me)RGD-Mea) 

0.24  ±0.05 

NT 

0.1 

In  vitro  inhibition  ot  platelet  aggregation  in  canine  platelet-rich  plasma  (PRP)  induced  by  ADP. 
b  Inhibition  of  l35I  Fg  binding. 

c  ’H-107260  binding  to  human  GPlIb/IIIa  reconstituted  in  liposomes. 

'  Bzl  =  benzoyl.  *  Mpr  =  3-mercaptopropionyI.  '  Man  =  2-mercaptoaniline. 

Vly =  valeryl.  h  Mba  =  2-mercaptobenzoic  acid.  1  Mea  =  2-mercaptoethyiamine. 

1  Pac  =  phenacvl. 


enhanced  lipophilicity  and  conformational  constraint  about  the  X\  torsional  angle 
(A"|=0).  Substituting  (N°-Me)  Arg  for  Arg  in  17  resulted  in  18,  SK&F  107260. 
that  displays  impressive  in  vitro  potency  and  affinity  and  demonstrated  enhanced 
efficacy  in  the  in  vivo  canine  model  over  SK&F  106760  [4],  Further  replacement 
of  Mba  or  Man  with  Ac-Cys  or  Mea  resulted  of  analogs  19  and  20  with  high 
potency.  This  study  resulted  in  a  novel  constrained  and  highly  potent  Fg-receptor 
antagonist  SK&F  107260. 
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Introduction 

The  use  of  conformational  constraints  such  as  disulfide  bridges  in  peptide 
chemistry  has  found  increased  application  in  the  design  of  bioactive  compounds. 
Disulfide  bonds  formed  between  cysteine  residues  located  at  different  points 
in  the  linear  sequence  stabilize  tertiary  structure  by  limiting  its  conformational 
mobility.  This  type  of  constraint,  however,  may  suffer  from  metabolic  instability 
as  a  result  of  disulfide  bond  cleavage.  Replacement  of  the  disulfide  with  a  dicarba 
bridge  is  a  typical  method  for  overcoming  this  problem  [I].  Although  this 
replacement  has  been  used  in  many  peptides  the  optimum  length  of  the 
replacement  has  not  been  addressed  and  a  carba-analog  containing  either  one 
or  three  methylene  groups  may  better  mimic  the  disulfide  bond.  Introduction 
of  a  trans  olefin  in  place  of  the  disulfide  to  give  a  dicarba  replacement  with 
a  fixed  torsional  angle  would  also  be  of  interest.  In  this  paper  a  study  replacing 
the  disulfide  bridge  in  a  model  vasopressin  Vrantagonist  with  the  above  disulfide 
mimetics  will  be  described. 

Results  and  Discussion 

Synthesis  of  suitably  protected,  optically  pure  8  (L-Pas)  has  been  previously 
described  using  the  Kolbe  electrolytic  coupling  of  11  with  Boc-Glu-a-benzyl 
ester  [2].  Synthesis  of  the  shorter  and  longer  analogs  7  and  9  was  accomplished 
by  a  modification  of  the  above  proceedure  using  Boc-Asp-a-benzyl  ester  instead 
of  Boc-Glu-a-benzyl  ester  and  homologated  acid  12  instead  of  11  respectively 
(Fig.  1). 

The  synthesis  of  trans  olefin  containing  amino  acid  10  involved  initial  synthesis 
of  the  side  chain  as  an  electrophile  13  followed  by  alkylation  with  glycine 

at — COjBn  7  n*l  / W — C02Bn 

^  ;s  v_a_co2h 

BOC-NH  11 

Fig.  I.  Variable  length  dicarba  analogs. 


OC‘ 


COjBn 

CO*H 


12 
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U 


1-(C0Cl)j 

ICHjNj 


3.  PtiCO^Ag,  TEA,  ifiuOH 

4.  Pd/C,  MoOH 


COjl-Bo 


5.  LDA.  THF.-78  °C.  PtiSSPh 


t.  N*IO,.  MeOH 


2.  CaCOj,  PhCHj,  A 


0  1.  IN  NaOH,  MeOH 
2,  BnOH.  DCC,  DMAP 


3.TFA,  CH2C12 
C02IBu 


CXT 


COjBn 

C02H 


1.  (COCI)j.  PliCH, 

2. NiBH4.THF.O°C 


3.  CCI4,  BujP 

4.  Nal,  acetone,  A 


LPVNCHjCthEl  14 
LDA.  THF,  *78  °C 


2.  aq.  IN  HG.CHjCIj 

3.  (Boc^O.TEA,  CH2CI2 

4.  IN  NaOH.  dioxane 


NH-Boc 

10 


Fig.  2.  Synthesis  of  irans  olefin  mimetic. 


equivalent  14  and  introduction  of  appropriate  protecting  groups  f 3]  (Fig.  2). 
The  protected  amino  acids  7-9  were  incorporated  into  the  peptide  chain  via 
standard  send  phase  peptide  methods,  cleaved  with  HF  and  cyclized  with  DPP  A 
in  DMF  to  give  3-5.  Analogous  synthesis  with  racemic  10  gave  a  pair  of 
diastereomers  which  were  separated  by  HPLC  to  give  6  and  its  diastereomer. 
The  stereochemistry  of  10  in  6  was  determined  by  catalytic  reduction  and 
comparison  to  3. 

The  biological  data  for  these  analogs  as  well  as  the  parent  disulfide  containing 
peptide  are  given  in  Table  1.  Replacement  of  the  disulfide  in  1  with  two  methylene 
groups,  as  previously  reported,  resulted  in  an  analog  3  that  retained  full  V:- 
receptor  affinity  [4],  Increasing  the  ring  size  in  either  disulfide  1  or  dicarba 
3  by  one  methylene  group  to  2  and  5  resulted  in  a  decrease  in  receptor  affinity. 
The  decrease  in  vivo  activity  of  5  was  similar.  Decreasing  the  ring  size  of  3 
by  one  methylene  group,  however,  in  4  resulted  in  a  much  larger  reduction 
in  receptor  affinity.  Although  there  was  a  substantial  loss  in  receptor  affinity 
for  4  there  was  not  a  concommitant  drop  in  in  vivo  activity.  This  discrepancy 
between  binding  affinity  and  in  vivo  potency  of  4  may  be  due  to  species  differences 


Table  1  Biological  data 


- - CO-D-TyitEll-Pta-Val-Am-NH-CH-CO-Pro-Arg-NHj 

- 

! 

- CHj 

Compound* 

X 

Khmd1’  (nM) 

ED, no1  (Mg/kg) 

1 

s-s 

13.6 

9.8 

2 

s-sch2 

34 

NT 

3 

(ch2)2 

7.0 

8.9 

4 

<ch2), 

2800 

50 

5 

(ch2)3 

96 

91 

6 

CH  =  CH 

49.1 

NT 

a  Al!  amino  acid  residues  are  l  unless  specified. 

h  Inhibition  of  binding  of  [3H]LVP  to  pig  renal  medullary  membrane  preparation. 
c  Dose  required  to  lower  rat  urine  osmolality  to  300  mOsm/kg  of  H:0. 
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between  pig  and  rat  as  shown  previously  for  other  vasopressin  antagonists  [5]. 
Replacing  the  disulfide  by  a  trans  double  bond  in  6  resulted  in  a  peptide  that 
retained  a  significant  amount  of  the  binding  affinity  of  1. 

In  conclusion  two  methylene  groups  appear  to  be  the  best  substitution  of 
the  disulfide  bond  in  this  cyclic  hexapeptide.  The  trans  olefin  replacement,  which 
alters  the  torsion  angle  of  the  connecting  bridge  significantly  from  a  disulfide, 
still  retains  significant  \\-receptor  affinity  while  adding  an  additional  constraint 
to  the  cyclic  hexapeptide  ring. 
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Introduction 

In  recent  years  a  significant  amount  of  interest  has  been  generated  in  studying 
the  de  novo  design  of  synthetic  polypeptides  which  mimic  the  folding  patterns 
ot  proteins.  The  difficulty  of  predicting  backbone  folding  patterns  from  primary 
sequence  information  is  a  major  obstacle  in  these  studies.  Professor  P.  Balaram, 
of  the  Molecular  Biophysics  Unit  of  the  Indian  Institute  of  Science,  Bangalore, 
has  developed  an  approach  to  the  problem  which  attempts  to  exploit  the  novel 
structural  properties  of  unusual,  non-protein  amino  acids  in  designing  oligo¬ 
peptides  of  defined  stereochemistry  [1,2].  This  has  included  the  X-ray  single 
crystal  analysis  of  several  series  of  polypeptides  having  recurring  amino  acid 
sequences.  The  title  compound  (1)  is  one  of  a  series  of  peptides  ranging  in  length 
from  7  to  16  residues  all  of  which  contain  at  least  one  occurrence  of  the  sequence 
Val-Ala-Leu-Aib-Val-Ala-Leu  [3-5].  1  differs  from  the  others  in  the  series  in 
that  it  was  synthesized  with  two  7-residue  segments  linked  by  an  e-aminocaproic 
acid  (Acp)  in  hopes  that  the  linker  would  cause  the  two  peptide  segments  to 
fold  into  a  close  packed  antiparallel  conformation. 

Results  and  Discussion 

The  structure  of  1  was  solved  by  a  combination  of  rotation/translation  methods 


Fig.  1.  Goodness  of  fit  of  original  search  fragment  (dashed  lines)  to  final  refined  parameters  of  the 
corresponding  segment  of  1.  Average  deviation  of  atomic  positions  is  0.50  -A. 


766 


Peptide  mime  tics 


Fig.  2.  Arrangement  of  4  symmetry  related  molecules  nj  l  are  shown  within  a  layer  in  the  unit¬ 
cell.  Only  those  hydrogen  bonds  which  link  the  molecules  into  extended  helices  are  shown.  The  liners 
are  perpendicular  to  the  r  axis,  and  there  is  no  hydrogen  bonding  between  /avers. 


(Fig.  1)  to  correctly  place  a  24-atom  search  fragment  (from  the  structure  of 
Boc-VALUVAL-OMe  itself)  and  direct  methods  to  expand  the  fragment  into 
the  full  structure  [6).  The  final  R-factor  was  7.9%  for  the  5030  observed  reflections 
in  the  0.93  A  data  set  [ 7 ].  The  X-ray  results  (Fig.  2)  show  that  both  7-residue 
peptide  segments  fold  into  a  mixed  3 (0/or-hefix  with  conformations  close  to  that 
found  for  the  corresponding  segments  in  the  other  members  of  the  series.  The 
helices  do  not  fold  back  upon  themselves  but  rather  are  displaced  laterally  from 
one  another.  When  intermolecular  hydrogen  bonding  is  taken  into  account,  they 
give  the  appearance  of  extended  single  helices  connected  to  one  another  by  the 
linker  group  (Fig.  2). 
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Introduction 

Recently  we  have  proposed  a  new  approach  for  the  design  ot  bioactive  peptides 
using  the  concept  of  topographical  constraints  [1],  We  have  designed  and 
asymmetrically  synthesized  amino  acids  which  should  be  capable  of  restricting 
conformational  freedom  around  the  X\  and  x2  angles.  We  report  the  asymmetric 
syntheses  for  the  enantiomers  of  2',6'-dimethyltyrosine,  and  the  4  stereoisomers 
2',/3-dimethyltyrosine.  2',6',/3-trimethyltyrosine  by  an  adaptation  of  the  chiral 
imide  boron  enolate  methodologies  of  Evans  [2].  Further  we  report  the  synthesis 
of  all  the  stereoisomers  of  a,/3-dimethylphenylalanine  and  a,/?-dimethyl-l,2,3,4- 
tetrahydroisoquinoline  carboxvlic  acids  (Tic)  bv  modifying  the  method  of  Seebach 

[3]. 

Results  and  Discussion 

We  have  prepared  optically  active  4-phenyl-2-oxazolidinones  as  chiral  aux¬ 
iliaries  to  induce  stereoselective  conjugate  and/or  electrophilic  additions  to  ex¬ 
positions  in  the  synthesis  of  the  optically  active  isomers  of  2’,6'-dimethyltyrosine, 
2',/3-dimethyltyrosine,  and  2',6',/3-trimethyltyrosine.  Synthesis  of  j8-methyl-L- 
amino  acids  is  shown  in  Fig.  1.  Erythro  isomers  were  prepared  by  coupling 
easily  synthesized  acid  precursors  to  the  optically  active  oxazolidinone  (la,  lb). 


CHj  ch3 
Erythro-L 
3a,3b 


Fig.  1.  Synthesis  of  0-methyl-i  -ammo  acids. 
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I'U-  Synthesis  »t  n.fi-Jimeihvl-rk.  in  Hu'CIlO.  MgSOt.  DIE  A.  then  CIECOCI  and  F.tOH.  then 
CJUCOU  and  DlEA :  b)  LDA  and  CJh CH( Br) CHS  (racemic),  then  crystallization;  c)  6N  HCl.  heating 
then  Pictet-Spengler  type  cyclization;  d)  (CH.O)„  6N  HCl.  heat. 


Threo  isomers  were  prepared  from  crotonvloxazolodinone  (lc).  The  a./3-unsat- 
urated  acyloxazolidinones  undergo  asymmetric  Michael  addition  and  bromina- 
tion  in  high  stereoselective  excess  (de  >90%).  Bromides  were  displaced  with 
azide  ion  (2a-d).  the  chiral  auxiliary  cleaved  and  recovered  (>90%).  the  azide 
reduced,  and  methyl  ether  removed  by  treatment  with  HBr  (3a-d).  Amino  acids 
prepared  in  this  wav  have  greater  than  99  %  de.  D-amino  acids  were  synthesized 
in  a  similar  manner  using  the  enantiomeric  chiral  auxiliary. 

For  the  preparation  of  «./3-dimeihvl-Tic.  i -alanine  was  converted  to  its  N- 
methvl  amide,  condensed  with  pivaloyl  aldehyde,  cvciized  and  N-benzoylated 
to  the  substituted  imidazolidin-4-ones  4a  in  hiuh  vield  and  optical  puritv  (Fie. 
2). 

In  one  approach,  a  three-fold  excess  of  (l-bromo)ethylbenzene  was  used 
resulting  in  high  yield  of  5a"  and  only  negligible  amount  of  5a'.  Equimolar 
amount  of  ( l-bromo)ethylbenzene  affords  substantial  amounts  of  5a'  that  can 
be  separated  from  5a"  by  crystallization.  Separate  diastereoisomers  of  1-benzoyl- 
2-tert-butyl-3-methvl-5-(a-methylbenzyl)-imidazolin-4-one  (5a'.  5a".  Fig.  2)  were 
hydrolyzed  with  hot  6  N  aqueous  HCl,  and  the  hydrochloride  salts  were  converted 
to  the  free  a,/3-dimethylphenylalanine  amino  acid  isomers  by  IEC  on  Dowex 
50X8-100.  Next  they  were  subjected  to  a  Pictet-Spengler-type  cyclization  followed 
by  IEC  resulting  in  N-Me-6a',  6a"  in  high  yields  and  high  optical  purities.  The 
pure  diastereomer  6a'  was  obtained  by  use  of  paraformaldehyde  (CHiO)„  and 
thorough  deoxvgenation  of  the  reaction  media  in  a  sealed  tube  [4], 

These  compounds  have  been  investigated  utilizing  both  NMR  and  theoretical 
calculations  (sybyl.  Version  5.3  or  Macromodel).  In  the  case  of  the  ring-methyl 
and  /3-methvl  tyrosines  computer  modeling  confirms  the  restriction  of  rotation 
about  the  Xj  angle  when  ring  substitution  and  /3-alkvlation  are  used  in  concert. 
This  fact  is  also  observed  in  the  NMR  spectra  of  the  2',6'./3-trimethvltyrosine 
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where  the  two  ring  methyl  groups  are  not  identical.  With  N-acylated  a,/3- 
dimethylated  Tic  derivatives  we  found  a  strong  stabilization  of  the  gauche(-) 
conformation,  opposite  to  a  gauche(  +  )  stabilization  of  N-acetyl-Tic. 
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Introduction 

Heparin  has  been  used  therapeutically  as  an  anticoagulant  tor  over  40  years 
because  ot  its  ability  to  prevent  clot  formation.  The  coagulant  activity  of  plasma 
a-thrombin  is  inhibited  by  two  distinct  serine  proteinase  inhibitors  present  in 
plasma,  heparin  cotactor  II  (HC)  and  antithrombin  (AT).  Heparin  enhances 
the  inhibition  of  thrombin  by  HC  or  AT  about  1000-fold  by  serving  as  a 
polyanionic  template  that  binds  both  the  proteinase  and  the  inhibitor  [1], 

The  glycosaminoglycan  heparin  has  a  high  negative  charge  due  to  its  many 
O-sulfate,  N-sulfate,  and  carboxylate  groups.  HC  inhibition  of  thrombin  is  also 
accelerated  by  a  variety  of  polvanionic  polysaccharides  and  polypeptides  [2], 
For  example,  7  poly(i. -glutamate)  with  average  Mr  14000  gives  a  54-fold 

enhancement  of  inhibition  and  0.7  pM  polv(i  -aspartate)  with  average  Mr  15  000 
gives  a  440-fold  enhancement  [3], 

Results  and  Discussion 

We  are  exploring  the  ability  of  small  anionic  peptides  of  defined  sequence 
to  mimic  heparin  by  accelerating  the  thrombin  inhibition  of  HC  or  AT.  We 
have  synthesized  two  novel  polyanionic  peptides  (1  and  2)  that  enhance  thrombin 
inhibition  by  HC  but  not  by  AT.  These  linear  peptides  each  contain  eight  residues 
of  cysteic  acid  (Cya)  and  bear  9  or  13  negative  charges  due  to  sulfonate  and 
carboxylate  groups. 

Asp-[Leu-Cvs- Ala-Leu- Ala-Ci'5- Ala  j4-Leu-NH2 

1 

Asp-[Leu-C>,a-Ala-Leu-Ala-Ci'a-Ala].,-Leu-NH2  (1) 

Asp-[Leu-Cys-Asp-Leu-Ser-Cvs-Ala]4-Leu-NH2 

1 

Asp-[Leu-Cj’i?-Asp-Leu-Ser-Cia-Ala]4-Leu-NH2  (2) 

The  30-residue  chains  of  the  cysteine-containing  peptides  were  assembled  by 
SPPS.  Alter  cleavage  from  the  resin,  the  cysteine  residues  were  converted  into 
cysteic  acid  residues  by  oxidation  with  performic  acid  (14:1  (v/v)  88%  formic 
acid/30%  hydrogen  peroxide,  48  h,  25°C).  After  purification  by  RPHPLC. 
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CONCENTRATION  PEPTIDE  foiM] 

Fig.  1.  Effect  of  peptide  concentration  on  thrombin  inhibition  by  HC  and  AT.  The  apparent  second- 
order  rate  constant  for  thrombin  inhibition  was  determined  for  thrombin  (5  nM),  HC  (SO  nM)  or  AT 
(50  nM).  and  peptide  I  or  2  in  20  mM  HEPES/150  mM  NaCl/0.1%  polyfethylene  glycol)  buffer 
(pH  7.4).  The  ratio  of  the  observed  inhibition  rate  to  the  inhibition  rate  in  the  absence  of  peptide 
is  plotted  against  peptide  concentration. 

peptides  1  and  2  each  gave  the  expected  amino  acid  ratios  and  amino  acid 
sequence.  The  rate  constant  for  HC  inhibition  of  thrombin  (4x  104  M'min1) 
was  accelerated  65-fold  in  the  presence  of  31  juM  1  and  45-fold  in  the  presence 
of  15  mM  2.  Neither  peptide  enhanced  the  AT  inhibition  of  thrombin  (Fig.  1). 
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Introduction 


Substance  P  (SP),  Arg-Pro-Lvs-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH:.  is 
the  preeminent  member  of  the  family  of  tachykinin  peptides,  which  share  the 
common  C-terminal  sequence  Phe-Xxx-Glv-Leu-Met-NLL  [I].  These  peptides 
bind  to  three  receptor  subtypes:  NK,,  NK2,  and  NK3,  with  SP  being  a  selective 
ligand  for  the  NK,  receptor.  Pharmacological  characterization  of  SP  suggests 
that  it  plays  a  role  in  pain  and  stress  transmission  to  the  brain  and  activation 
of  the  immune  system  [2].  Hence  antagonists  at  the  NK|  receptor  should  be 
of  considerable  interest  as  novel  therapeutic  agents.  We  report  here  the  cha¬ 
racterization  of  the  first  nonpeptide  NK,  receptor  antagonist.  CP-96,345  [3.4], 

Results  and  Discussion 


CP-96.345  was  prepared  via  key  intermediate  1.  which  was  converted  to  CP- 
96,345  by  hvdrogenolysis  and  reductive  amination  (Fig.  I).  Alternatively,  re¬ 
ductive  amination  of  1  furnished  a  precursor  for  bromine/tritium  exchange, 
which  afforded  ['H2]-CP-96.345  with  a  specific  activity  of  48  C/mmole  [5j. 

Initial  biochemical  characterization  of  CP-96,345  showed  it  to  be  a  potent 
(K,  =  0.33  nM land  selective  ligand  for  the  NK|  receptor,  with  insignificant  binding 
at  NK3.  NKi.  and  receptors  for  other  neurotransmitters.  Functional  character¬ 
ization  in  the  dog  isolated  carotid  artery  system,  which  contains  only  NK, 
receptors  (6],  demonstrated  that  CP-96,345  is  a  pure  competitive  antagonist  with 
a  pA:  of  8.7  ±  0. 1 ,  as  shown  in  Fig.  2. 


□ 


Ft?.  I  Synthesis  of  CP-96. 345. 
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Fig.  2.  Functional  characterization  of  CP-96,345  in  dog  isolated  carotid  artery.  •  SP  control  response: 
O  7  x  10-9M;  m  5 x  OSxlO-’M  CP-96, 345. 

Studies  with  [1 2 3 4 5 6H2]-CP-96,345  in  guinea  pig  brain  showed  saturable  binding 
to  a  single  class  of  receptors,  with  a  Bmax  value  similar  to  that  obtained  for 
[3H]-SP  in  the  same  tissue.  NK|  selective  ligands,  such  as  SP  and  physalaemin, 
displaced  [3H2]-CP-96,345  binding,  whereas  NK2  ligands,  such  as  neurokinin 
A,  and  NK3  ligands,  such  as  neurokinin  B  and  eledoisin.  did  not.  Finally, 
autoradiography  studies  demonstrated  that  [3H2]-CP-96,345  displays  a  labeling 
pattern  in  guinea  pig  brain  identical  to  that  obtained  using  [3H]-SP.  In  addition, 
each  ligand  completely  displaces  the  other’s  binding.  Taken  together,  these  data 
provide  evidence  that  the  [3H2]-CP-96,345  binding  site  is  indeed  the  NK|  receptor. 
CP-96,345  may  thus  prove  useful  in  evaluating  the  clinical  potential  for  NK( 
antagonists  as  novel  therapeutic  agents. 
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Introduction 

Model  cyclic  hexapeptides  containing  proline  can  undergo  cis-trans  Xxx-Pro 
isomerism  and  thus  may  represent  useful  systems  tor  mimicking  biological  protein 
conformational  changes.  A  recent  example  is  the  postulated  conformational 
interconversions  in  ion  transport  proteins  [  1  ].  We  have  been  particularly  interested 
in  studying  peptides  such  as  cycio[Xxx-Pro-Glv-Yyy-Pro-Gly]  where  Xxx  and 
Yyy  =  trifunctional  amino  acids.  Such  systems  could  prove  useful  for  modeling 
the  effects  of  side  chain-side  chain  interactions  upon  conformation. 

Results  and  Discussion 

The  protected  linear  fragments  such  as  Boc-Arg(NO;)-Pro-Gly-Tvr(Bzl)-Pro- 
Glv-OCHi-R  were  synthesized  on  Merrifield  polystyrene  supports.  The  peptides 
were  cleaved  from  the  resin  using  phase  transfer  catalysis,  a  procedure  developed 
in  our  laboratory,  as  reported  elsewhere  |2],  The  cleavage  procedure  w'as  stable 
to  protecting  groups  such  as  nitro  on  Arg,  benzyl  on  Tvr.  cyclohexy1  on  Glu 
side  chains  and  to  acid-sensitive  amino  acios  such  as  Trp.  The  linear  peptides 
were  subsequently  cyclized  using  a  slight  modification  of  Brady's  procedure  [3]. 
Conformational  studies  were  carried  out  using  soiution  NMR  with  various  ID 
and  2D  NMR  techniques. 

As  previously  observed  by  Kopple  and  Sarkar  [4]  and  confirmed  here,  simpler 
systems  such  as  cvclo[Glu-Pro-Glv-Glu-Pro-Gly]  show  CN  symmetry,  the  presence 
ot  two  trans  Glu-Pro  bonds,  and  two  type  II  /3-turns  in  the  major  confcrmer 
in  DMSO-dh.  A  minor  conformer  (about  33%)  was  also  seen  which  retains  two 
cis  Glu-Pro  bonds. 

In  contrast,  with  the  asymmetric  peptide  cvclo[Arg-Pr  -Gly-Tvr-Pro-Gly],  ihe 
cis-cis  form  is  slightly  favored.  This  change  could  be  due  to  either  side  chain 
interactions,  or.  as  predicted  by  Kopple.  be  a  consequence  of  the  larger  steric 
bulk  of  Arg  vs.  Glu.  In  the  analog,  where  Arg  was  changed  to  Trp,  the  cis 
form  now  predominated  by  95  :  5  (Table  1). 

When  the  configuration  was  changed  (to  cyclo[t>Arg-Pro-Gly-Tyr-Pro-Gly]), 
only  one  major  conformer  was  observed,  containing  one  trans  (n-Arg-Pro)  and 
one  cis  (Tvr-Pro)  forms  tor  the  two  Xxx-Pro  bonds.  In  each  of  these  confor¬ 
mations,  the  side  chains  are  predicted  to  be  greater  than  8  A  apart. 


775 


M.  Rao  and  A.  F.  Spatola 


Table  1  Summary  of  conformational  preferences  observed  in  cyclof Xxx-Pro-  Gly-Y yy-Pro- 
Gly)  peptides 

Cis/trans  isomerization  /3-turn  features'* 


Xxx 

Yyv 

Major/ 

minor 

Xxx-Pro 

Yyy-Pro 

Xxx-Pro 

Yyy-Pro 

l-G1u 

l-G1u 

Major 

minor 

trans 

cis 

trans 

cis 

+  <!I) 

+  (II) 

L-Arg 

L-Tvr 

Major 

minor 

cis 

trans 

cis 

trans 

+  <l> 

-r(ll) 

o-Arg 

L-Tyr 

cis 

trans 

+ 

+ 

L-Trp 

i.-Tvr 

cis 

cis 

- 

- 

J  -I-  =  present:  -  =  absent:  1  and  H  refer  to  types  of  /3-turns  present. 


Interestingly,  in  the  case  of  cyclo[Trp-Pro-Gly-Tyr-Pro-Gly],  a  weak  ROESY 
interaction  was  observed  between  the  indole  NH  and  the  phenol  OH,  even  though 
this  compound  also  greatly  prefers  the  bis-cis  structure.  Further  experiments 
are  underway  to  design  more  closely  interacting  side  chain  systems  and  to 
investigate  the  effect  of  post-translational  modifications  such  as  phosphorylation 
on  the  conformational  preferences  of  these  systems. 
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Introduction 

The  cyclic  pentapeptide  cyclo[Gly-Pro-Glv-i>Phe-Pro]  is  capable  of  forming 
two  intramolecular  hydrogen  bond  stabilized  turns  involving  four  of  the  live 
amide  units  [1,2].  We  have  used  this  model  structure  to  evaluate  the  ability 
of  various  amide  surrogates  to  alter  or  to  coexist  with  two  common  structural 
features  in  proteins,  namely,  the  1  —  3  y-turn  and  the  1—4  /2-turn.  NMR 
spectroscopies  and  X-ray  diffraction  measurements  have  been  used  to  establish 
the  conformations  of  pseudopeptides  containing  i/i[CH2S]  [1-3],  t/i[CH2SO], 
i/i[CH2S02],  i/i[CSNH]  [4],  and  t/i[CH2NH]  amide  replacements.  In  this  report, 
we  present  our  findings  with  the  t/i[CH2NH]-containing  cyclic  structures.  Other 
studies  with  linear  i/i[CH2NH]  pseudopeptides  have  been  reported  [5,6]. 

Results  and  Discussion 

Incorporation  of  the  <A[CH2NH]  unit  between  Pro-Glv'  and  Pro5-Glv'  by 
a  combination  of  solution  and  solid  phase  methods  gave  the  two  cyclic  structures 
I  and  II  (Fig.  1).  In  each  case,  the  resulting  structures  were  obtained  in  both 
protonated  (</i[CH2NH2+])  and  neutral  forms  (i//[CH2NH]). 

We  have  found  that  the  presence  of  TFA.  particularly  in  non-polar  solvents, 
has  affected  the  conformational  features  of  peptide  I  significantly.  The  'H 
spectrum  of  I-TFA  in  CDClj  is  distinctly  different  than  that  of  I.  The  'H  signals 
of  I-TFA  are  broad  and  unresolved.  The  geminal  diastereotopic  protons  of  Glv1 
are  isochronous.  o-Phe4  NH  is  exposed  to  the  solvent  as  determined  by 
temperature  dependence  data.  Pro5  Oj  appears  at  27.89  ppm.  typical  of  a  non- 
y-turn  Pro.  These  serve  to  indicate  that  this  peptide  in  CDC13  in  the  presence 
of  TFA  does  not  have  a  rigid  backbone  or  turn  features.  Instead,  it  probably 
exists  in  several  rapidly  equilibrating  conformational  states.  On  the  other  hand, 
peptide  I  in  its  free  amine  form  (I)  has  a  well  defined  all  trans  backbone  structure 
and  a  y-turn  centered  about  Pro5  as  determined  by  characteristic  'H  and  UC 
NMR  parameters.  However,  the  /2-turn  conformation  consisting  of  Glv-Pro- 
Gly-D-Phe  as  proposed  for  the  all  amide  parent  peptide  is  not  observed  in  this 
peptide.  In  DMSO-dfi,  I-TFA  retains  a  partial  y-turn  centered  about  Pro5.  The 
free  amine  (compound  I)  behaves  quite  differently  from  I-TFA  in  both  CDC1: 
and  DMSO-d6.  This  peptide  (I)  displays  one  single  conformer  in  CDCl?  and 
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Fig.  I.  Structures  of  cyclo[ Gly-Proijjf  CH-NH JGlv-o-Phe-Pro  ]  (I)  and  cvelo[Proil/[ CFFNH/GIv-Pro- 
Gly-D-PheJ(Il). 


has  a  well  defined  7-turn  involving  Pro5  in  the  corner  position.  In  DMSO- 
d6,  it  exists  in  two  conformers.  The  major  conformer  assumes  a  cis  Gly'-Pro2 
bond  and  a  type  II'  /3-turn  consisting  of  Gly3-D-Phe4-Pro5-Gly1.  The  minor 
conformer  has  an  all  trans  backbone  conformation  and  a  7-turn  involving  d- 
Phe4-Pro5-Glyi. 

With  compound  II,  the  substitution  of  a  reduced  amide  bond  unit  in  the 
7-turn  position  of  the  parent  did  not  cause  the  disruption  of  the  j8-turn  structure. 
It  is  more  difficult  to  assess  the  effect  of  this  surrogate  on  the  7-turn  region 
since  the  diagnostic  *H  and  l3C  features  that  normally  serve  as  criteria  for  a 
7-turn  are  no  longer  applicable. 

Our  observations  based  on  lH-lH  and  >H-15N  2D  COSY  experiments  suggest 
that  in  both  compounds  I  and  II,  the  i/r[CH;>NH]  moiety  is  not  protonated  in 
the  presence  of  TFA.  Rather,  TFA  appears  to  exist  in  a  nondissociated  form 
but  it  could  nevertheless  alter  the  conformational  features  of  the  peptides  studied. 

Our  results  reinforce  the  utility  of  cyclic  model  structures  for  defining  surrogate 
conformational  preferences. 
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Introduction 

Our  approach  to  design  small  molecule  non-peptide  analogs  of  the  neuropeptide 
cholecystokinin  (CCK)  has  led  to  the  discovery  of  the  CCK-B  antagonist 
‘dipeptoids’  [1-4].  A  representative  member  of  this  series  of  compounds,  PD 
1 34308  (Table  1),  has  high  affinity  ( 1 .7  nM)  and  selectivity  for  the  CCK-B  receptor 
(CCK-A/B  ratio  is  2500:  1),  and  shows  robust  anxiolytic  properties  in  several 
anxiogenic  models  by  both  sc  and  orai  routes  of  administration  over  the  dose 
range  0.1-30  mg/kg.  The  compound  also  reverses  pentagastrin  stimulated  gastric 
acid  secretion  in  the  Ghosh  and  Schild  test  in  the  same  dose  range  by  iv  and 
sc  routes  of  administration.  Hence.  PD  134308  is  also  an  antigastrin  agent. 

Results  and  Discussion 

The  rational  design  of  the  'dipeptoids'  in  Table  1  from  CCK  (26-33)  used 
binding  assay  of  both  contiguous  and  non-contiguous  fragments  to  identify  the 
simple  non-contiguous  dipeptide  Boc-Trp-Phe-NHi  with  low  micromolar  affinity 
for  the  CCK-B  receptor  as  the  key  chemical  lead  [1-2].  The  corresponding  d- 
cv-methyl  Trp  analog  has  a  10-fold  increase  in  binding  of  6x  10'6M  [3].  It  was 
rationalized  that  introduction  of  a  mimic  of  the  Asp-residue  side  chain  of  CCK- 
30-33  to  the  2-Adoc-D-a-MeTrp-Phe-NH2  analog  should  provide  a  further  in¬ 
crease  in  binding  comparable  with  CCK  [4],  The  data  in  Table  1  of  the  ‘dipeptoids’ 
show  that  the  R  configuration  at  the  or-methyl  Trp-  (•)  is  preferred  and  that 
the  carboxylic  acid  side  chain  prefers  the  S  configuration  in  the  a-phenyl 
ethylamine  side-chain  series  ( ^)  and  the  R  configuration  in  the  /J-phenylethylamine 
side-chain  series  (■).  The  CCK-A  and  -B  binding  affinities  of  these  derivatives 
are  compared  in  Table  1  with  the  benzodiazepine  CCK-A  antagonist  (devazepine) 
and  the  CCK-B  antagonist  L365.260  as  well  as  the  endogenous  non-selective 
agonist  (CCK-26-33  suifated)  and  the  CCK-B  selective  agonist  pentagastrin. 
PD  134308  has  been  shown  to  be  a  gastrin  antagonist  (ED5O  =  0.06  /amol/kg) 
by  inhibition  of  maximal  stimulated  gastric  acid  secretion  by  pentagastrin  in 
the  Parsons  modified  Ghosh  and  Schild  test  in  rats.  The  compound  has  also 
been  shown  to  be  a  central  CCK-B  antagonist  (Kc  =  7.82  nM)  by  its  ability 
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Table  1  CCK  receptor  binding  affinities  for  the  stereoisomers  and  analogs  of  PD  134308 


•  ±  m  RI  R2  CCK-B  CCK-A 


R  R  -  -CHiNHCO(CHi)iCOiH  H  23  (  15-  31)  850(  800-  1000)  37 

R  S  -  -CH2NHCO(CH2)2CCKH  H  4.2(  2.9-  6.3)  950  (  740-  1100)  230 

SR-  -CHiNHCO(CHi)-.COiH  H  170  (160-180)  580(  430-  890)  3.4 

S  S  -  -CHiNHCO(CHi)’CO^H  H  180  (150-210)  >10000  >56 

R  -  R( PD  1 34308)  H  -NHCOfCH.bCOH  1.7(13-2.7)  4  300(1200-  8  500)  2500 

R  -  S  H  -NHCO(CH2)2C(TH  43  (34-  50)  3  100(2  200-  4  600)  72 

S  -  R  H  -NHCO(CH2)2CO,H  63  (  44-  79)  18  000(2  500-72000)  290 

S  -  S  H  -NHC0(CH2)2C02H  160  (120-190)  2500(1200-  4400)  16 

0.1(0.03-0.2)  31  (  18-43)  0.0032 

230  (  170-380)  5.1  (4.6-5.4)  45 

0. 1  (0.08-  0.2)  0.3  (0.2-0.3)  0.33 

600  (  500-660)  0.8(0. 5-0.9)  750 

a  IQo  represents  the  concentration  (nM)  producing  half-maximal  inhibition  of  specific  binding  of 
[l25I]Bolton  Hunter  CCK-8  to  CCK  receptors  in  the  mouse  cerebral  cortex  (CCK-B)  or  the  rat 
pancreas  (CCK-A).  The  values  given  are  the  geometric  mean  and  the  range  from  at  least  3  separate 
experiments. 

h  2-Adoc  :  2-adamantyloxycarbonyl. 

to  inhibit  CCK  stimulated  increase  in  spontaneous  firing  of  neurons  from  the 
rat  VMH.  The  compound  has  potent  anxiolytic  properties  in  mouse,  rat  and 
marmoset  anxiogenic  paradigms  [5],  For  example,  the  compound  is  active  in 
the  mouse  black-white  box  text  when  dosed  orally  over  the  range  0.1-30  mg/ 

kg  [5]- 

To  our  knowledge,  this  is  the  first  example  of  a  non-peptide  neuropeptide 
receptor  antagonist  that  has  been  designed  starting  solely  with  the  chemical 
structure  of  the  target  endogenous  mammalian  neuropeptide  which  has  proven 
to  be  orally  active  and  show  CNS  properties.  The  precedent  is  therefore  set 
that  robust,  small  molecule  ligands  for  other  putative  neuropeptide  receptors 
can  be  designed  without  recourse  to  chemical  leads  and  evaluated  for  their 
respective  central  and  peripheral  properties. 
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Introduction 

Aspartyl  proteases  are  irreversibly  inactivated  by  epoxide-containing  com¬ 
pounds  such  as  l,2-epoxy-3-(p-nitrophenoxy)propane  (EPNP),  which  reacts  with 
the  ionized  carboxylate  group  of  one  of  the  active  site  aspartyl  residues  to  form 
an  ester  linkage  [1].  HIV-1  protease  is  irreversibly  inactivated  by  EPNP  with 
a  K,  of  1 1  mM  and  kinact  of  0.004  min-'  [2]. 

We  were  interested  in  designing  peptidyl  epoxides  based  on  the  sequence  of 
known  substrates  and  inhibitors  of  the  HIV-1  protease  in  to  generate  irreversible 
inactivators. 

Results  and  Discussion 

We  prepared  epoxide-containing  tripeptides  shown  in  Table  1,  designed  to 
comprise  the  P3-P1  residues,  with  an  alkyl  chain  which  could  access  the  P/  binding 
site  and  an  epoxide  moiety  in  the  vicinity  of  the  scissile  bond.  Boc-L-phenylalaninal 
was  reacted  with  the  ylide  formed  by  treatment  of  3-methylbutyl  triphenylphos- 
phonium  bromide  with  potassium  hexamethyldisilazide  under  salt-free  Wittig 
conditions  to  generate  the  cis-olefin  intermediate  [5].  This  was  elaborated  to 
the  tripeptide  and  the  olefin  was  converted  to  the  epoxide  by  treatment  with 
wj-CPBA.  Epoxidation  gave  predominantly  a  single  epoxide  diastereomer  whose 
absolute  configuration  is  assigned  by  analogy  to  the  literature  [3]. 

The  peptidyl  epoxides  were  evaluated  for  HIV-1  protease  inhibitory  activity 
using  the  HPLC  peptidolytic  assay  previously  described  [2].  The  epoxides  were 
found  to  be  much  more  potent,  time-dependent  inhibitors  of  HIV-1  protease 
than  EPNP.  Kinetic  parameters  are  given  in  Table  1.  The  inhibition  was  found 
to  be  irreversible  even  after  overnight  dialysis.  Inactivation  of  the  protease  could 
be  partially  blocked  by  a  potent,  competitive  hydroxyethvlene-isostere  containing 
inhibitor  [4],  Titration  of  the  protease  with  epoxide  1  indicated  a  dose-dependent 
loss  of  activity  which  was  complete  upon  addition  of  0.8  mol  1  per  mol  protease 
dimer.  Isoelectric  focussing  of  the  inactivated  protease  under  non-denaturing 
conditions  shows  an  increase  in  pi  consistent  with  neutralization  of  one  negative 
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Table  1  Kinetic  parameters  for  epoxide  inactivators 


Structure 

K,  (mM) 

t|/2  (®  10  pM 

1 

°x/ 

19.7 

0.306 

6.61 

Z-Pha-Ala-HN  "X: 

'0 

2 

37.4 

0.164 

20.3 

Z-Ala-Ala-HN'^1 2 3 4 SV<1 

'O 

3 

n.d 

n.d. 

21.5 

H-Ala-Ala-HN,^vvr  i 
"O 

I  j 

4 

AA 

Z-Pt»-Ala-HN^\<: 

'6 

n.d 

n.d. 

14.3 

EPNP 

11000 

0.004 

n.d. 

charge  in  the  enzyme.  AH  these  data  are  consistent  with  active  site-directed 
inactivation  of  the  HIV-1  protease. 
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Introduction 

Cyclophilin  (Cyp),  a  major  cytosolic  binding  protein  of  the  immunosuppressive 
drug  cyclosporin  A  (CsA,  Fig.  1),  is  a  peptidyl-prolyl  cis-trans  isomerase  (PPIase) 
that  is  inhibited  by  CsA  [1,2].  We  have  discovered  that  LiCl  in  THF  or  TFE 
shifts  the  equilibrium  of  the  cis/trans  isomers  in  favor  of  the  cis  for  several 
X-Pro-containing  substrate  peptides  [3],  thereby  enabling  us  to  devise  an  improved 
version  of  the  assay  originally  described  by  Fischer  [4],  In  the  process  of 
characterizing  the  kinetic  parameters  of  a  number  of  CsA-analogs  with  cyclo¬ 
philin,  we  have  discovered  that  CsA  is  a  time-dependent  inhibitor  (‘slow-binding’ 
inhibitor)  of  CvP.  It  is  known  from  both  X-ray  crystallographic  determinations 
and  solution  NMR  studies  in  apolar  solvents  (THF,  CHCh)  that  CsA  contains 
a  cis  amide  bond  between  the  9  and  10  position  [5,6],  but  multiple  conformations 
exist  in  polar  solvents  (DMSO)  [6],  However,  the  9-10  peptide  bond  of  CsA 
is  in  the  trans  conformation  when  CsA  is  bound  to  Cyp  [7],  CsA  was  reported 


he  I.  Schematic  representation  of  the  structure  of  CsA;  cis  9-10  MeLeu-Mcl  eu. 
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Fit;.  2.  Time  dependence  or  CsA-mduced  inhibition  of  CyP  (7.4  nM).  0.4  (20  n\f)  was  dissolved 
in  anhydrous  TFE  (0)  or  in  THF  with  460  m\1  LiCI  (A).  In  the  case  of  a  light-binding  inhibitor, 
initial  velocity  is  a  measurement  of  free  I uninhibited ')  enzyme.  The  arrow  indicates  the  initial  velocity 
for  this  assay  without  addition  of  CsA.  See  [ 3 /for  experimental  conditions. 


to  adopt  only  one  detectable  conformation  in  a  solution  of  LiCI  in  THF  [6]. 
We  have  confirmed  this  and  established  by  two-dimensional  isotope-edited  NMR 
of  [U-I3C]  MeLeu9-MeLeu10  CsA  [7],  dissolved  in  THF/LiCl  that  this  CsA 
conformation  contains  a  trans  9-10  amide  bond.  The  ability  to  shift  the 
conformations  of  CsA  to  either  cis  or  trans  by  the  use  of  solvent/salt  combinations 
provides  a  unique  opportunity  to  explore  the  origins  of  the  ‘slow-binding’  effect. 

Results  and  Discussion 

We  devised  a  set  of  experiments  to  deduce  the  mechanism  of  the  time-dependent 
inhibition  exhibited  by  CsA,  a  tight-binding  inhibitor  of  cvclophilin  ( K;  =  6  nM). 
Samples  containing  recombinant  human  CyP  (7.4  nM)  and  CsA  dissolved  in 
the  appropriate  solvent  were  preincubated  for  varying  intervals,  and  the  assay 
was  then  started  by  addition  of  Suc-AAPF-pNA  and  chymotrvpsin,  as  reported 
previously  [3].  The  time-dependence  of  inhibition  of  CyP  by  CsA  in  THF  (Fig. 
2,  0)  establishes  that  there  is  virtually  no  inhibition  at  the  earliest  assay  point 
(1  min).  In  contrast,  CsA  dissolved  in  THF/LiCl  (Fig.  2,  A)  initially  inhibits 
tue  enzyme  to  a  great  degree.  Remarkably,  however,  this  inhibition  increases, 
reaching  a  maximum  at  15  min  before  slowly  decreasing  to  the  equilibrium 
value  for  the  aqueous  solution. 

These  data  are  consistent  with  a  slow  cis  to  trans  isomerization  of  the  9- 
10  amide  bond  prior  to  binding  as  a  major  contributor  to  time-dependent 
inhibition  of  Cyp.  The  data  on  the  CsA-THF  conformer  suggests  that  the  9.10 
cis  conformer  of  CsA  does  not  inhibit  cyclophilin,  and  that  the  cis  to  trans 
isomerization  has  a  half-life  of  =2  min  at  0°C.  However,  there  is  still  an  additional 
time-dependent  process,  as  evidenced  in  the  siow  process  in  Fig.  2  (A),  which 
is  consistent  with  an  additional  conformational  change  with  a  half-life  of  approx¬ 
imately  10  min.  In  experiments  where  the  ratio  of  CsA  to  CvP  was  raised,  the 
initial  assay  (1  min)  appeared  to  be  increasingly  inhibited.  These  data  argue 
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slow 

tw  =  2  min 
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very  slow 
tw  =  10  min 


fix.  3.  A  minimal  scheme  which  accounts  for  experimental  data  concerning  the  ' slow-binding  of  C  ■' 
to  CcP. 


in  favor  of  rapid  formation  of  an  CsA-CvP  complex  (K,  *  10  nM).  lollowed 
by  a  slower  on-enzvme  conformational  change  to  the  fully  inhibited  complex 
(K,  =  6  nM).  The  k,’s  stated  here  are  estimates  based  on  numerical  analysis 
of  the  experimental  data  using  this  model,  and  assume  that  the  bimolecular 
association  step  is  rapid,  and  that  the  substrate  (Km  =  0.98  mM)  does  not 
effectively  compete  with  the  inhibitor. 
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Introduction 

There  is  an  increasing  interest  in  the  incorporation  of  fluoroamino  acids  as 
well  as  fluoro-isosteres  into  physiologically  active  peptides  and  enzyme  inhibitors 
[1],  We  have  been  interested  in  the  unique  lipophilicity,  size  and  polarity  of 
trifluoromethyl  (TFM)  group.  In  the  present  study,  we  examined  the  effects 
of  TFM  on  the  activity  and  specificity  of  angiotensin-converting  enzyme  (ACE) 
inhibitors  and  enkephalin  analogs. 

Although  many  analogs  of  the  potent  ACE  inhibitors,  captopril  and  enalapriiat, 
have  been  synthesized,  there  is  a  paucity  of  information  in  the  literature  regarding 
the  synthesis  and  activity  of  fluorinated  congeners  [2],  Accordingly,  it  would 


Table  1  ACE  inhibitory  activity  of  trifluoromethyl-containing  peptides 


Inhibitor 

IC50(M) 

Inhibitor 

IC?0(M) 

Ih  ?F3 

^CF’ 

HS^o-N^ 

COOH 

3  x  10'10 

(CH2)2  (CH2)2 

HOOC NH/^co_ 

3-(S,S,S) 

COOH 

6  x  10"8 

1-(S,S) 

5  x  10'7 

3-(R,S,S) 

1  x  IQ’3 

ph  CF3 

j  |  3 

.  .cf3  X ^ 

(CHjJj  (CH2), 

HS^ 

CO-N 

8  x  10'8 

X  X 

HOOC  ^ 

O 

3  x  10'8 

2-(R,S)  x 

4-(S,S,S) 

X 

COOH 

COOH 

2-(S,S) 

6  x  10'6 

4-(R,S,S) 

2  x  10'4 
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Table  2  Analgesic  activity  of  TFM-enkephalins  (i.  c.  v. ,  mouse) 


Enkephalins  EDjo 

(mol/mouse) 

Tvr-D-TFNV-Gly-Phe-Met-NH2  7.5  X  1(HJ 

Tyr-D-Nval-Gly-Phe-Met-NHj  3.5  x  )0-m 

Tyr-Gly-L-TFNV-Phe-Met-NHj  1.4  x  IO-7 

Tvr-Gly-D-TFNV-Phe-Met-NHj  1.2  x  UH 

Tyr-D-TFNL-GIv-Phe-Mel-NHi  6.5  x  lft-n 

Tyr-D-TFNV-Gly-(N-Me)Phe-Met-NHi  2.0  x  10-'- 


Enkephalins  ED<o 

(mol/mouse) 

Tyr-Glv-i.-TFNV-Phe-Met-NHi  2.2  x  1(H 

Tyr-L-TFNV-Gly-Phe-Met-NH2  2.5  x  10-* 

Methionine-Enkephalin  7.0  x  1 0-7 

Tyr-D-Ala-GIv-Phe-Met-NH-  4.5  x  10-' 1 

Morphine  HCI  7.0x10-" 

SedapainIM  5.0x10-" 


be  of  interest  to  examine  the  influence  that  TFM  incorporation  might  have 
on  such  ACE  inhibitors. 

Enkephalins  and  their  analogs  have  been  extensively  studied  regarding  their 
analgesic  activity  as  well  as  functions  as  neurotransmitter  [3].  However,  no 
systematic  study  has  been  performed  on  the  incorporation  of  TFM-amino  acids 
into  enkephalins.  Thus,  we  looked  at  the  effects  of  TFM-amino  acids  on  analgesic 
activity  (in  vivo)  as  well  as  receptor  binding  ability  (in  vitro)  so  that  we  can 
distinguish  the  effects  based  on  receptor  binding  from  inhibition  of  degradation 
by  endogenous  enzymes. 

Results  and  Discussion 

A  series  of  new  TFM-containing  peptides  are  synthesized  as  potential  inhibitors 
for  ACE,  which  are  TFM  analogs  and  homologs  of  captopril  and  enalaprilat 
(Table  1).  As  Table  1  shows,  the  direct  substitution  of  TFM  for  methyl  provides 
a  very  potent  captopril  analog,  1-(R,S).  The  SAR  study  by  means  of  the  t r- 
SCF-molecular  mechanics  program  (PIMM)  developed  by  Lindner  [4]  as  well 
as  the  MM  calculations  of  active  cite  conformations  by  SYBIL  5.0  program 
indicates  that  1-(R,S)  should  be  at  least  5  times  better  than  (S,S)-captopril 
OQo  =  ^  x  10~9M),  and  the  latter  calculation  suggests  that  1-(R,S)  should  be  more 
than  1000  times  better  than  1-(S,S),  which  are  consistent  with  the  observed 
results.  Stereoelectronic  effects  on  conformation  and  lipophilicity  of  TFM  would 
account  for  the  excellent  activity  of  1-(R,S).  Incorporation  of  both  TFM  and 
an  indoline  residue  unexpectedly  gives  a  less  potent  captopril  analog,  2-(R,S). 
Enalaprilat  analogs  derived  from  replacement  of  the  alanine  residue  with  (S)- 
TFM-norvaline  (l-TFNV)  [5],  3-(S,S,S),  and  (S)-TFM-norleucine  (l-TFNL)  [5] 
residues,  4-(S,S,S),  gave  moderately  potent  peptides.  The  other  diastereomers 
of  2-4  exhibited  2-5  order  of  magnitude  weaker  activities  as  predicted. 

A  series  of  TFM-containing  enkephalin  analogs  were  synthesized  and  their 
in  vivo  analgesic  activity  determined  (Table  2).  These  modified  enkephalins  are 
derived  from  replacement  of  (a)  Gly2  and  Gly2  by  d-TFNV,  l-TFNV  and  n- 
TFNL  and  (b)  Phe4  by  (N-Me)Phe4.  As  Table  2  shows,  [d-TFNV2,  Met-NH^]- 
and  [d-TFNV2.  (N-Me)Phe4.  Met-NHy  ]-enkephalins  prove  to  be  extremely  potent 
in  vivo  with  respect  to  methionine-enkephalin  (Met-Enk)  (10?-fold  stronger). 
The  in  vitro  binding  assay  to  p-,  5-.  and  ^-receptors  revealed  that  [d-TFNV2. 
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Table  3  Receptor  binding  assay  for  [n-TFNV2,  Met-NH y  Jenkephalin  ( n-TFNV-Met-Enk) 


Enkephalins 

Receptor 

Tissue 

LigandJ 

IC„,  (M) 

o-TFNV-Met-Enk 

cerebrum  (rat) 

[-'Hj-PL-017 

5  x  10- 1(1 

Met-Enk 

M 

cerebrum  (rat) 

PH1-PL-017 

2  x  lO-o 

D-TFNV-Met-Enk 

6 

cerebrum  (rat) 

['H]-DPDPE 

2  x  10- * 

Met-Enk 

8 

cerebrum  (rat) 

[JH]-DPDPE 

1  x  10-’ 

u- 1  EN  V-Met-Enk 

k 

cerebellum  (guinea  pig) 

HH1-U-69593 

4  x  10-7 

Met-tnk 

k 

cerebellum  (guinea  pigi 

['Hl-U-69593 

>  1  x  IO-> 

j  ['H]-PL-017  =  pH]Tyr-Pro-MePhe-i>-Pr(vNH:  |'H1-DPDPE  =  (!Hl[t>-Pen:.  n-Pen^enkephahn: 
[  H)-lI-69593  —['H]  (5«.7(».8/iH-)'.V-[  7-|  I  -  pyrrol idinvi)-  l-oxaspiro( 4.5 )dee-8-vl  ]benzene  acetamide. 


Met-NH^jenkephalin  is  only  several  times  better  binder  to  u-site  than  Met- 
Enk  (Table  3).  Therefore.  it  is  concluded  that  the  observed  remarkable  increase 
in  potency  is  mainly  due  to  the  inhibition  of  degradation  by  enkephaline- 
aminopeptidase. 
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Introduction 

Toll  et  al.  (  1 1  recently  reported  the  isolation  of  a  new  atrial  peptide-degrading 
enzyme  ( A D L )  from  bovine  kidney  that  preferentially  cleaves  atrial  peptide 
substrates  at  their  Ser-Phc  bond.  ADE  is  inhibited  by  general  protease  inhibitors 
that  inhibit  either  metallo  or  cysteine  proteases.  However,  it  is  not  inhibited 
by  phosphoramidon.  an  inhibitor  of  neutral  endopeptidase  24.1 1  f2]. 

Hie  development  ot  selective  inhibitors  ot  ADE  would  be  useful  for  studying 
this  new  enzyme,  and  such  inhibitors  could  serve  as  novel  antihypertensive  agents. 

Results  and  Discussion 

Table  1  shows  a  series  of  thiol-containing  tripeptide  analogs  (1-10)  that  were 
prepared  as  inhibitors  of  ADE.  Compound  1.  which  contains  the  same  residues 
tor  AA|  and  AA:  as  those  found  in  ANE.  was  the  most  potent  inhibitor  from 
this  class  of  compounds  (1C.,,  -  12  p.M).  A  SAR  analysis  these  25  analogs  shows 
preferences  for  la)  an  aromatic  side  chain  at  R.  lb)  a  single  CH -  group  connecting 
the  asymmetric  carbon  to  the  thiol  in  R.  (c)  a  basic  amino  acid  (ideally  Arg) 
at  AA|.  (d)  an  aromatic  or  hvdrophobic  amino  acid  at  AA-.  and  (e)  an  amide 
at  X,. 

A  second  class  ot  ADE  inhibitor  was  designed  based  on  the  tact  that  atrial 
peptides  with  longer  amino  terminal  tails  were  better  substrates  tor  ADE  We 
envisioned  that  ANE  may  bind  to  the  ADE  active  site  with  the  disulfide  ring 
residues  protruding  from  the  enzvme.  We  therefore  designed  tetradecapeptides 
(11-15.  Table  1 )  that  substituted  i>-Ala-Glv-n-A!a  for  the  disulfide  bond  ot  ANF 
and  omitted  its  ring  residues.  Compound  11  was  both  a  wrak  inhibitor  and 
an  excellent  substrate  for  ADE.  In  12  and  13.  n-amino  acids  successfully  prevent 
the  ADE  cleavage  reaction,  but  also  decreased  binding  to  ADE.  Because  binding 
a  thiol  group  into  the  cleavage  site  of  ADE  (as  with  compound  1)  caused  ADE 
inhibition,  we  decided  to  replace  Ser  in  11  with  Cvs  to  yield  compound  14. 
This  change  improved  ADE  inhibition  activity  but  again  yielded  a  very  good 
>ubstrate  tor  ADE.  Replacement  of  Phe  with  o-Phe  prevented  ADE  cleavage 
and  gave  the  most  potent  tetradecapeptide  inhibitor,  compound  15  (1Cm,=  14.5 
/u.Vl). 
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Table  1  Inhibition  activity  of  selected  ADE  inhibitors 


R-AArAA:-X, 


No. 

R 

AA, 

aa2 

X, 

%  Inhib. 
at  0.1  mM 

IC50 

(axM) 

1 

HSCH2CH(Bzl)CO(Isomer)J 

Arg 

Tyr 

NH-> 

92 

12 

2 

"(Isomer) 

Arg 

Tyr 

OH 

76 

60 

3 

His 

Tvr 

NHi 

80 

4 

"(Isomer) 

Lys 

Tvr 

NH, 

65 

5 

"(Isomer) 

Arg 

Phe 

NHi 

97 

16 

6 

Arg 

Leu 

NHi 

90 

20 

7 

HSCH,CH[CH,CH(CH,E]CO 

Arg 

Tyr 

NH-. 

37 

8 

HSCH,CH(CH,)CO 

Arg 

Tyr 

NH-. 

7 

9 

HSCH(Bzl)CO  (Isomer) 

Arg 

Tvr 

NHi 

64 

10 

HSCH;CH,CH(Bzl)CO  (Isomer) 

Arg 

Tvr 

NHi 

67 

75 

11 

X2b-Ser-Phe 

Arg 

Tvr 

NH, 

46 

12 

Xj-Ser-D-Phe 

Arg 

Tyr 

NHi 

28 

13 

Xi-o-Ser-Phe 

Arg 

Tvr 

NHi 

22 

14 

XrCys-Phe 

Arg 

Tyr 

nh2 

68 

32.5 

15 

X2-Cys-D-Phe 

Arg 

Tyr 

nh2 

81 

14.5 

1  Diastereomers  were  separated  and  the  most  active  isomer  is  reported. 
b  X2  =  Ser-Leu-Arg-Arg-Ser-Ser-D-Ala-Gly-D-Ala-Asn-. 


Both  compounds  1  and  15  were  tested  in  spontaneously  hypertensive  rats 
(SHR)  for  their  blood-pressure-lowering  effects.  At  3  mg/kg  i.v.,  compound 
I  lowered  blood-pressure  by  25  mmHg  and  the  effect  persisted  for  30  min.  At 
10  mg/kg  i.v.,  the  initial  blood-pressure-lowering  effect  was  greater  (35  mmHg) 
but  the  duration  of  effect  was  only  10  min,  indicating  a  lack  of  dose  response 
for  1.  Compound  15  at  10  mg/kg  i.v.  lowered  blood  pressure  dramatically  (119 
mmHg)  with  a  35  min  duration  of  effect.  Combining  a  10  mg/kg  bolus  dose 
of  15  with  a  20  min  infusion  of  ANF  lowered  blood  pressure  initially  by  131 
mm  Hg  with  a  duration  of  effect  (110  min)  well  beyond  that  of  either  agent 
given  alone.  One  possible  mechanism  for  this  effect  would  be  the  prevention 
of  ANF  degradation. 
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Introduction 

Cystatins  are  a  group  of  low  MW  proteins  that  are  tight-binding  inhibitors 
of  the  cysteine  proteinases.  Superfamily  of  the  homologous  inhibitors  consist 
of  three  families.  Cystatins  C  and  S  (and  their  variants)  together  with  chicken 
cystatin  belong  to  the  second  family;  they  contain  very  similar  sequences,  with 
polypeptide  chain  composed  of  about  120  amino  acids  residues  and  two  disulfide 
loops  [1], 

The  main  purpose  of  our  work  was  to  clarify  the  mechanism  of  enzyme- 
cvstatin  interaction  based  on  our  results  and  those  of  other  groups  and  to 
understand  the  specificity  of  the  interaction  of  cystatins  with  cysteine  proteinases. 

Results  and  Discussion 

In  our  study  we  used  the  Chou-Fasman  algorithm  to  predict  the  secondary 
structure  of  cystatins.  Later  we  compared  these  results  with  crystal  structure 
of  chicken  cystatin.  Next  we  used  a  molecular  docking  program,  incorporating 
a  procedure  based  on  the  method  of  Tanford  and  Kirkwood. 

Cystatins  contain  three  almost  identical  fragments.  Crystallographic  data  and 
predictive  analysis  of  cystatins  by  Chou-Fasman  program  showed  0-turns  or 
0-sheets  in  each  fragment.  A  previously  proposed  three-center  mechanism  of 
enzyme-cystatin  interaction  was  based  on  the  direct  docking  of  these  conserved 
fragments  with  the  enzyme  [2], 

The  structure  of  chicken  cystatin  enabled  us  to  understand  the  mode  of  enzyme- 
cystatin  interaction  in  subsite  Si’-S/.  In  our  work  we  tried  to  explain  the 
importance  of  N-terminal  conserved  fragment  of  cystatin.  Synthesis  of  the  peptidyl 
diazomethylketones  based  on  the  sequence  of  different  cystatin  enabled  us  to 
specify  the  fragments  of  inhibitors  which  interact  with  S4-S|  subsites  of  target 
enzyme  [4,5].  On  the  other  hand  data  on  the  hydrolysis  and  synthesis  of  peptide 
bond,  crystallographic  structure  of  papain  and  actinidin  allowed  a  description 
of  the  subsites  of  the  papain  family  enzymes. 

The  best  known  and  defined  are  subsites  S2  and  S3.  Among  these,  pocket 
S2  plays  the  most  significant  part  in  a  substrate  or  inhibitor  binding.  In  the 
case  of  papain,  actinidin,  cathepsin  H  and  L,  hydrophobic  amino  acids  residues 
are  preferred  in  this  pocket.  Cathepsin  B  prefers  amino  acids  residues  able  to 
form  side-chain  hydrogen  bonds  [3], 
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-  ARG(8)-LEU(9>- VAL(  1  0)-GLY(  1  1)- . -VAL<57)- . -TRP(106)- 

-ARG<8)-ILE<9)-ILE(lO)-PRO(l  1 )- . -PHE<5  8>- . -TRP(I0  7)- 

-ARG(6)-LEU(7)-LEU(8)  -GLY(9)- . -VAL<5  5)- -TRP(I  0  4)- 

— vy  w  \y  w  w 

S4  Sj  Sj  S,  S,  S2  Sj 

PAPAIN 

Fig.  1.  Scheme  of  the  proposed  model  the  interaction  of  cvstalin  C  (first),  cvstalins  S.  S.\.  SA  (second), 
chicken  cv. statin  (third)  with  papain. 


The  results  obtained  from  the  experiments  of  the  molecular  docking  of  the 
fragments  of  cystatin  with  papain  is  shown  in  Fig.  1. 
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Introduction 


The  serine  protease  inhibitor  arantitrvpsin  (arAT)  is  the  most  potent  inhibitor 
( K,  of  10~I4M  [  1  ])  of  human  leukocyte  elastase  (HLE).  The  mechanism  of  inhibition 
of  HLE  by  a,-AT  has  not  been  clearly  defined.  We  have  synthesized  linear 
and  side-chain  cyclized  peptide  analogs  of  the  reactive  site  region  of  this  natural 
inhibitor  in  an  attempt  to  mimic  its  bioactive  conformation.  The  arAT  analogs 
1-3  enclose  the  reactive  site  within  a  loop  defined  by  an  amide  bond  between 
glutamic  acid  and  lysine  side  chains,  while  peptides  4-10  are  cyclized  to  stabilize 
either  an  a-helix  (8  and  10)  (Fig.  1)  or  a  bend  (6)  in  the  enzyme  binding  region 
N-terminal  to  the  reactive  site. 

Results  and  Discussion 


The  peptides  were  synthesized  using  ihe  Fmoc  methodology  with  tBu  and 
tBoc  side-chain  protection  on  a  hydroxymethyl  polystyrene  resin.  Amino  acids 
were  coupled  with  BOP/HOBt  in  DMF.  Cvclization  with  BOP  was  carried  out 
by  condensation  of  the  lysine  and  glutamic  acid  side  chains  after  deprotection 
with  TFA,  while  the  peptide  was  still  bound  to  the  resin.  The  peptides  were 
cleaved  from  the  resin  with  TFMSA,  purified  by  RPHPLC.  and  were  characterized 
by  amino  acid  analysis  and  FABMS.  HLE  assays  were  carried  out  using  the 
substrate  MeOSuc-Ala-Ala-Pro-Val-pNA,  according  to  the  method  of  Castillo 


II 


Ala  Pro  — 


Fig.  /  Helical  wheel  representations  of  linear  (A.  analog  4)  and  c vch zed  (B.  analog  X.  C  .  analog 
10)  a /-antitrypsin  analogs. 
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Table  1  Inhibition  of  HLE  by  peptide  analogs  of  eglin  c  and  a  i-antitrypsin0 


Linear  analogs 

K,  (mM) 

Cyclic  analogs 

K,  (mM) 

1 

Ac-KPVSIE 

2900 

2 

Ac-KPVSIE 

1  1 

780 

3 

Ac-K(Ac)PVSIE 

2200 

4 

Ac-AMFLEAIPVSIPPEV 

62 

5 

Ac-AMFLEALKVSIP 

110 

6 

Ac-AMFLEALKVSIP 

i _ i 

21 

7 

Ac-AMFELALKVSIP 

100 

8 

Ac-AMFELALKVSIP 

i _ i 

260 

9 

Ac-AMFKLALEVSIP 

15 

10 

Ac-AMFKLALEVSIP 

i _ i 

7.4 

J  Reactive  site  sequence  of  a|-antitrvpsin  is  -A350MFLEAIPMSIPPEV364. 


et  al.  [2].  Inhibition  constants  were  determined  from  Dixon  plots.  All  analogs 
were  competitive  inhibitors  of  HLE,  and  were  not  significantly  hydrolyzed  under 
the  assay  conditions  (5  min  incubation  with  HLE,  25°C). 

Inhibition  constants  of  analogs  1-3  were  significantly  higher  than  those  of 
the  longer  peptides  4-10.  Cyclization  of  6  and  10  enhanced  inhibition,  but  not 
in  8.  These  results  cannot  be  correlated  to  the  extent  of  a-helicity  or  formation 
of  a  bend  until  CD  studies  are  complete.  Preliminary  CD  studies  of  4  and  7 
gave  residue  ellipticities  at  222  nm  of  3500  and  4900  deg  cm2  dmoH,  respectively. 
Conformational  studies  are  currently  underway  to  evaluate  the  structural  con¬ 
tributions  to  inhibition  of  HLE,  and  to  determine  how  the  cyclizations  may 
influence  binding  and  inhibition. 
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Introduction 

Growth  factors  and  inhibitors  play  a  pivotal  role  in  the  homeostasis  of 
organisms.  Most  of  these  regulators  of  cell  proliferation  are  polypeptides  of 
high  molecular  mass  and  low  specificity.  Both  their  availability  and  clinical 
applicability  are  limited.  Recently  isolation,  structure  determination  and  pre¬ 
liminary  biological  studies  of  some  cell  proliferation  inhibitory  oligopeptides 
were  reported.  Among  others  they  include  Glp-Glu-Asp-Ser-Gly  (El)  epidermal 
f  1 )  and  Glp-Glu-Asp-Cys-Lys  ( HI)  hemoregulatorv  inhibitors  [2].  The  remarkable 
structural  similarity  and  high  specificity  of  these  oligopeptides  prompted  us  to 
study  structure-activity  relationships  of  HI  and  El.  Several  publications  mention 
the  instability  of  HI  under  the  conditions  of  the  chemical  syntheses  with  different 
strategies,  purification  processes  and  low  reproducibility  of  bioassavs  1 3—5].  All 
of  these  problems  have  been  considered  to  be  related  with  the  presence  of  the 
free  mercapto  group  of  the  cysteine  residue  being  very  sensitive  to  oxidation. 

Results  and  Discussion 

Analogs  were  prepared  in  solution  by  stepwise  elongation  of  the  peptide  chain 
from  the  C-termini.  using  the  DCC  or  active  ester  method.  In  a  synthesis  of 
HI,  the  removal  of  Bzl-tvpe  terminal  and  side-chain  protective  groups  by  Na- 
NHi  reduction  resulted  in  a  very  heterogeneous  reaction  mixture.  Therefore, 
the  Fmoc/tBu/Acm  (acetamidomethvl)  approach  was  used  for  the  synthesis  of 
HI.  its  dimer  and  thirteen  analogs.  The  Boc/Bzl  protecting  group  combination 
was  selected  for  the  synthesis  of  El  and  twelve  analogs.  During  an  attempted 
column  chromatographic  purification  of  the  protected  tetrapeptide  intermediate 
Boc-Glu(OBzl)-Asp(OBzl)-Ser-Gly-OBzl  a  selective  cyclization  to  aminosuccinyl 
(Asu)  derivative  was  observed.  Study  of  this  ring  closure  revealed  that  Et?N- 
catalvsis  caused  a  partial  epimerization.  The  Asu-residue  itself  has  a  remarkable 
tendency  to  racemize  depending  on  the  solvent  and  temperature.  No  epimerization 
was  observed  in  the  absence  of  base  even  at  elevated  temperature  (6]. 

HI  in  10- 10  to  10-h  M  concentration  elicited  25-359r  inhibition  on  the 
proliferation  of  the  HL-60  cells  only  in  the  presence  of  mercaptoethanol  (ME). 
Under  the  same  conditions,  20-30*71  inhibition  by  HI(Acm)  was  observed  both 
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in  the  presence  and  absence  of  ME.  In  10-8  M  concentration  HI  ( +  ME),  HI(Acm) 
( +  ME,  -ME)  and  Glu-Asp-Cys(Acm)-Lys  (-ME)  led  to  90,  68,  77  and  64% 
decrease  in  the  colony  formation  of  C57B1  mice  bone  marrow  cells.  HI  dimer, 
which  is  reported  to  be  a  stimulator  of  cell  proliferation  [7],  had  no  effects 
in  our  tests.  HI(Acm)  was  active  in  1(T12  to  10-4  M  concentration  range. 

HI(Acm)  affects  both  CFUS  and  CFUc  cells,  while  the  Acm-tetrapeptide  is 
more  specific,  i.e.  active  only  in  the  latter  compartment.  The  mercapto  group 
seems  to  play  a  substantial  role  in  the  inhibitory  events,  and  its  Acm-masking 
does  not  prevent  to  elicit  this  effect.  We  suppose  that  the  bioremoval  of  the 
S-Acm  protecting  group  generates  the  active  HI.  This  hypothesis  is  supported 
by  the  observed  inactivity  of  the  4-Met-HI.  analog  whose  methvlthioether  bond 
may  not  be  sensitive  to  cleavage  under  physiological  conditions  [5J. 

El  itself  ot  KH-10-4  elicited  31  to  40%  inhibition  on  the  proliferation  of 
Chang  cells.  1-Kpc-EI  (Kpc  =  ketopipecolyl)  showed  a  reverse  dose-response 
curve  in  10~14  (20%  inhibition)  to  10~1 2 3 4 5  concentration  range.  In  the  presence  of 
10-4,  10"6 7,  lO-9  and  10'12  M  of  El,  the  proliferation  of  HeLa-S3  tumor  cells 
was  inhibited  by  41,  39,  49  and  20%,  respectively.  Under  the  same  conditions 
1-Kpc-EI  elicited  77,  81,  86  and  96%,  while  after  13  h  -20%  (i.e.  stimulation!), 
82,  86  and  53%  inhibition,  respectively,  was  achieved. 

As  no  other  HI  and  El  analogs  were  active,  we  conclude  that  the  interaction 
with  membrane  bound  macromolecules  of  the  active  oligopeptides  is  very  specific. 
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Introduction 

Arterial  reocclusion  after  successful  coronary  thrombolysis  therapy  remains 
a  significant  problem  in  the  management  of  heart  disease.  It  was  demonstrated 
that  opening  of  the  coronary  artery  with  thrombolytic  therapy  may  reduce  the 
death  rate  in  patients  with  acute  myocardial  infarction.  The  beneficial  effect 
is  more  dramatic  if  blood  flow  is  restored  early  and  is  persistent.  However; 
pharmacologically  induced  thrombolysis,  which  exposes  a  highly  thrombogenic 
substance  (the  residual  clot)  to  the  circulation  may  lead  to  rethrombosis,  and 
reinfarction.  It  is  known  that  reocclusion  or  rethrombosis  occurs  in  20  to  30% 
of  patients  who  undergo  successful  thrombolysis  with  tissue-type  plasminogen 
activator  (t-PA).  Therefore,  many  patients  need  adequate  antithrombotic  treat¬ 
ment.  Currently,  heparin  is  used  to  maintain  coronary  artery  flow  to  prevent 
reocclusion.  However,  heparin  was  found  to  be  ineffective  in  preventing  reoc- 
clusion  [1).  Other  therapeutic  agents  were  investigated  to  accelerate  early  vessel 
patency  and  prevent  reocclusion.  These  agents  include  thrombin  inhibitors  due 
to  the  key  role  thrombin  plays  in  the  blood  coagulation  cascade.  We  have  studied 
the  effects  of  LY282056  (a  potent  thrombin  inhibitor)  in  animal  models  that 
correlate  with  arterial  thrombosis  in  humans. 

Results  and  Discussion 

We  measured  the  ability  of  LY282056  to  inhibit  several  enzymes  involved 
in  hemostasis  (IC5n  thrombin  =10,  plasmin  =  57  and  t-PA  =  5335  ng/ml).  We 
then  compared  the  antithrombotic  effects  of  LY282056  and  heparin  in  a  rat 
model  of  FeCU-induced  arterial  injury  [2]  and  in  a  rat  arterial-venous  (AV) 
shunt  model  [3]  (Table  1).  Only  LY282056  exhibited  equal  efficacy  in  the  arterial 
model. 

The  two  compounds  were  then  evaluated  in  a  canine  antithrombotic  model 
[4],  In  our  study  only  the  two  highest  doses  of  heparin  prolonged  the  time 
to  occlusion,  and  only  the  highest  dose  (120  U/kg  IV  bolus  plus  50  U/kg  IV 
infusion)  significantly  reduced  thrombus  mass.  The  thrombin  inhibitor  LY282056 
was  an  effective  antithrombotic  in  the  canine  study  at  a  dose  of  0.5  mg/kg/h. 
All  three  doses  of  LY282056  studied  (0.5,  1.0  and  2.0  mg/kg/h)  prolonged  time 
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Table  1  Potency  comparison  of  heparin  and  Boc-D-Phg-Pro-Arg-H  ■  1/2  H2S04  (L  Y282056) 
in  rat  thrombosis  model? 


Compound 

AV-shuntb 

FeCE-arterial  injuryc 

Hepann,  bolus 

26  U/kg 

107  U/kg 

Heparin,  infusion 

53  U/kg/h 

309  U/kg/h 

LY  282056 

2.1  mg/kg/h 

2.9  mg/kg/h 

1  Phg:  phenylgiycine. 

h  ED<„  ::  Dose  required  to  reduce  by  50%  the  control  thrombus  mass. 

ED’X:  Dose  required  to  double  the  control  time  to  occlusion  after  35%  FeCE  application. 


to  occlusion;  1 47 ± 24  min,  1 66 ± 28  min  and  203±31  min,  respectively,  vs. 
52  ±7  min  for  vehicle-treated  dogs.  Antithrombotic  treatment  with  LY282056 
produced  a  decrease  in  thrombus  mass  at  the  highest  dose  tested  (2.0  mg/kg/h 
IV  infusion). 

The  thrombin  inhibitor  LY282056  was  compared  to  heparin  in  the  canine 
coronary  thrombolysis  model  as  an  adjunct  to  thrombolysis.  A  dose  of  0.9  mg 
t-PA/kg  was  chosen,  because  it  provided  consistent  reperfusion  in  all  animals. 
In  addition,  once  t-PA  administration  was  terminated  in  this  animal  model  a 
high  rate  of  reocclusion  was  observed.  In  this  study  heparin  was  ineffective 
in  preventing  or  delaying  the  onset  of  reocclusion  after  thrombolysis.  The 
thrombin  inhibitor  LY282056  was  found  to  be  effective  at  prevention  of 
reocclusion  at  all  three  doses  tested.  However,  at  the  two  higher  doses  of  LY282056 
(1.0  and  2.0  mg/kg/h)  the  time  that  it  took  for  t-PA  to  successfully  lyse  the 
coronary  thrombus  (time  to  reperfusion)  was  prolonged.  In  vitro  data  demonstrate 
that  LY282056  is  an  effective  inhibitor  of  plasmin.  This  inhibition  could 
theoretically  be  responsible  for  the  delay  in  reperfusion  at  the  two  largest  doses. 

Clearly,  LY282056  is  a  very  effective  inhibitor  of  thrombin  and  has  an 
antithrombotic  effect  in  our  models  including  the  prevention  of  reocclusion  after 
successful  thrombolysis.  Thus,  we  have  demonstrated  considerable  therapeutic 
potential  for  this  class  of  compounds.  The  design  of  even  more  selective  inhibitors 
of  thrombin  remains  a  major  goal. 
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Introduction 

Tripeptide  aldehydes  such  as  Boc-D-Phe-Pro-Arg-H  (12)  exhibit  potent  direct 
inhibition  of  thrombin  [1],  We  have  evaluated  the  structural  and  conformational 
role  of  the  amino  acid  residue  in  position  one  of  Boc-D-Phe-Pro-Arg-H  (12). 

Results  and  Discussion 

The  data  in  Table  1  is  in  order  of  decreasing  thrombin  inhibitory  activity. 
The  specificity  of  these  compounds  with  respect  to  the  various  other  serine 
proteases  may  predict  the  efficacy  and  safety  observed  in  clinical  use.  It  is 
important  that  these  thrombin  inhibitors  do  not  inhibit  the  fibrinolytic  processes 
by  inhibition  of  the  enzymes  plasmin  and  tissue  plaminogen  activator  (t-PA). 
A  measure  of  the  predicted  therapeutic  usefulness  of  these  inhibitors  might  be 
obtained  by  examination  of  either  the  plasmin/thrombin  or  the  t-PA/thrombin 
IC50  ratios. 

Replacement  of  the  amide  bond  between  the  phenylalanine  and  proline  residues 
by  the  dipeptide  isostere  i/i[CH?N],  a  modification  which  has  led  to  peptides 
which  exhibit  unexpected  biological  activity  [2,3],  resulted  in  an  analog  (23) 
with  little  or  no  ability  to  inhibit  any  serine  protease.  Conformational  restriction 
can  be  achieved  by  introduction  of  sterically  demanding  amino  acids.  The 
substitution  of  the  phenylalanine  residue  in  12  with  a  phenylglycine  residue  gave 
4  which  exhibited  a  3-fold  increase  in  potency.  This  was  unexpected  since  the 
same  modification  in  a  similar  series  has  been  reported  to  produce  a  10-fold 
decrease  in  potency  [4],  Removal  of  the  Boc  group  in  analog  4  gave  an  analog 
(5)  with  equal  potency  and  a  4-fold  increase  in  the  selectivity  towards  thrombin 
vs.  t-PA.  Replacement  of  the  amino  group  of  phenylglycine  in  5  with  a  methyl 
(15),  ethyl  (18)  or  methoxy  (19)  group  results  in  compounds  with  5-,  7-,  and 
13-fold  decreases  in  potency.  The  substitution  of  phenylalanine  with  either  2- 
naphthylglycine  or  Phg(3,4  Cl),  the  latter  being  an  amino  acid  which  is  isosteric 
with  2-naphthylglycine,  gave  analogs  (6  and  10)  with  slight  increases  in  potency 
but  no  significant  difference  in  selectivity  over  phenylalanine.  The  replacement 
of  phenylglycine  with  the  constrained  amino  acids  DL-3-Tiq  (11)  and  D-l-Tiq 
(3)  resulted  in  no  significant  losses  in  potency.  Analog  3  exhibited  the  highest 
degree  of  t-PA  to  thrombin  selectivity. 
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Table  1  In  vitro  enzyme  inhibitory  activity0  of  R-Pro-Arg-H 


Compound 

Rt> 

Thrombin 

Trypsin 

Plasmin 

Factor  X3 

t-PAc 

1 

Boc-o-Chg 

0.0075 

0.0080 

0.050 

0.050 

1.43 

2 

o-MePhg 

0.0090 

0.0090 

0.25 

1.10 

21.35 

3 

o-l-Tiq 

0.010 

0.012 

0.76 

0.33 

222.50 

4 

Boc-D-Phg 

0.010 

0.0060 

0.060 

0.16 

5.34 

5 

o-Pha 

0.011 

0.012 

0.57 

1.035 

23.64 

6 

Boc-o- 2-Nag 

0012 

00060 

0  036 

0.033 

8.030 

7 

Boc-d-  l-Naa 

'Mils 

0.0090 

0.41 

0.92 

12.70 

8 

Boc-in  -Pha(3-CE;) 

0.0IX 

0.013 

0.085 

0.92 

10.20 

9 

Boc-i>Phe(  F) 

0  019 

0.012 

0.053 

1.010 

10.96 

10 

Boc-i)-Pha(3.4  Cl) 

0.019 

0.010 

0.12 

0.047 

20.99 

11 

in  -3-Tiq 

n.023 

0.022 

0.16 

2.45 

71.64 

12 

Boc-u-Phe 

0.02s 

0.0085 

0.12 

1.035 

0.59 

13 

Boc- 1  -  Nan 

0.036 

0.019 

0.12 

0.14 

NAJ 

14 

Boc-i>-Tha 

0.045 

0.0079 

0.095 

0.12 

8.11 

15 

D-MeCH(Ph)-CO 

0.048 

0.090 

8.87 

16.040 

>10.20 

16 

Boc-Phg(F) 

0.053 

0.015 

0.48 

4.15 

57.00 

17 

Boc-o-Phg(OH) 

0.057 

0.011 

0.060 

0.13 

10.42 

18 

D-EtCH(Ph)-CO 

0.070 

0.18 

10.91 

16.86 

>  102.00 

19 

D-MeOCH(  PhVCO 

0.13 

NAd 

7.84 

14.07 

448.09 

20 

□L-2-Tqu 

1.58 

0.29 

7.69 

6.29 

342.42 

21 

oL-l-Ind 

1.81 

0.13 

8.99 

10.33 

209.51 

22 

MeCH(Ph)-CO 

2.55 

0.45 

21.14 

40.91 

NAd 

23 

Boc-u-Phei/r|CHiN| 

51.75 

43.23 

266.36 

129.12 

NAJ 

'  IC>„ 

Chg  =  cyclohexylglycine.  I-Tiq  —  I -carboxyl. 2. 3.4-tetrahyroisoqumoline.  MePhg  =  Nu-methyl- 
phenylglvcine.  3-Tiq  =  3-carboxy- 1 .2.3.4-tetrahvroisoquinoline.  Nag  =  naphthvlglycine.  Thg  =  2- 
thienvlglvcine.  2-Tqu  =  2-carboxy-l.2.3.4-tetrahvdroquinoline,  l-Ind  =  2-carboxv-indoline. 

*  Tissue  plasminogen  activator. 

J  Not  available. 
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Introduction 

Since  ihe  uncontrolled  activity  of  serine  protease  enzymes  is  widely  implicated 
in  the  pathology  of  disease  states  involving  tissue  destruction  [1.2],  there  is 
considerable  therapeutic  potential  for  molecules  designed  specifically  to  inhibit 
these  enzymes.  In  the  work  outlined  below,  the  aim  has  been  to  develop  a  small 
synthetic  peptide  inhibitor  of  the  serine  protease,  human  neutrophil  elastase 
(HNE)  for  the  treatment  of  pulmonary  emphysema. 

Results  and  Discussion 

The  basic  design  specification  tor  the  HNE  inhibitor  was  obtained  through 
computer  graphics  analyses  of  the  crystal  structures  id'  9  natural  serine  protease 
inhibitors  and  their  complexes  with  serine  protease  enzymes  [3].  These  analyses 
revealed  that  all  the  inhibitors  have  a  highly  conserved  main  chain  conformation 
for  their  P;-Pn  residues,  and  that  there  is  little  change  in  this  upon  enzyme 
complexation.  It  is  deduced,  therefore,  that  the  main  chain  conformation  ot 
the  P'.-P,.  residues  in  the  natural  inhibitors  provides  a  major  structural  deter¬ 
minant  of  their  inhibitory  activity,  with  the  enzyme  specificity  of  the  inhibitors 
determined  by  the  nature  of  the  side  chains  of  these  residues. 

The  consensus  main  chain  conformation  of  the  inhibitory  loops  of  the  natural 
serine  protease  inhibitors  was  thus  used  to  provide  a  design  template  lor  the 
synthetic  HNE  inhibitor.  Computer  graphic  models  of  various  designs  ot  inhibitor 
were  constructed,  in  which  cvclization  was  used  to  constrain  the  basic  hexapeptide 
unit  to  the  required  main  chain  contormation.  The  various  models  were  built 
using  the  program  ramble  [4],  and  cosmic  [5],  The  final  design  of  the  proposed 
inhibitor  (Fig.  1)  comprises  a  14-residue  peptide  containing  two  copies  of  the 
inhibitory  hexapeptide  linked  through  a  glycine  residue  and  the  side-chain 
carboxyl  of  an  aspartic  acid  residue.  The  side  chains  of  the  inhibitor  are  selected 
so  as  to  give  optimum  interaction  with  HNE  [6].  with  the  exception  ot  the 
Pi  hydroxyproline  residues  which  are  used  to  provide  conformational  constraints 
in  addition  to  those  provided  by  cvclization. 

Solid  phase  synthesis  of  the  inhibitor  was  carried  out  using  Fmoc-polvamide 
techniques  [7J.  employing  a  novel  method  to  permit  cvclization  on  the  support 
resin  (Fig.  1).  This  was  enabled  by  the  use  of  orthogonal  protecting  groups 
(OBu1,  Tos  and  Bzl)  for  the  reactive  side  chains,  and  a  base  labile  (rather  than 
acid  labile)  linking  agent  HMBA.  This  strategy  gave  the  advantage  ot  infinite 
dilution  and  thus  gave  an  increased  yield  of  the  cvclic  product. 
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Step  li  Synthesis  of  fully  protected  linear  peptide 

HN-Hyp-Leu-Val-Val-Tyr-Arg-Gly-Hyp-Leu-Val-Val-Tyr-Arg-Asp-HMBA-Nle- Resin 

I  III  III 

Bu‘  Bzl  Tos  Bu‘  Bzl  Tos  OBu‘ 

Step  2:  Removal  of  Bu'  and  OBu‘  protecting  groups 

95%  TFA/5%  Hi 0/0.1%  w/v  Phenol 

i 

HN-Hyp-Leu-Val-Val-Tyr-Arg-Gly-Hyp-Leu-Val-Val-Tyr-Arg-Asp-HMBA-Nle-Resin 

II  II 

Bzl  Tos  Bzl  Tos 

Step  3i  Cyclization  through  aspartic  acid  side  chain 

TBTU /4-  methyl-morpholine 

Hyp-Leu-Val-Val-Tyr-Arg-Gly-Hyp-Leu-Val-Val-Tyr-Arg-Asp-HMBA-Nle- Resin 

II  II 

Bzl  Tos  3zl  Tos 

Step  4:  Removal  of  Bzl  and  Tos  protecting  groups 

52%TFA/28%TFSMA/20%Thioanisole 

Hyp-Leu-Val-Val-Tyr-Arg-GIy-Hyr  -Leu-Val-V’al-Tyr-Arg-Asp-HMBA-Nle-Resin 

Step  5:  Cleavage  of  cyclic  peptide  from  resin 

Methanolic  ammonia 

Hyp-Leu-Val-Val-Tyr-Arg-Gly-Hyp-Leu-Val-Val-Tyr-Arg-Asp-CONHi 

Keyi 

Resin  Kieselguhr  supported  poiydimethylacrylamide  resin 

Nle  Norleucine 

HMBA  4-Hydroxymethyl  benzoic  acid 

OBu‘  t-Butoxy 

Bzl  Benzyloxycarbonly 

Bu*  t-Butyl 

Tos  Toluene  suiphonyl 

TFA  Tetrafluroacetic  acid 

TBTU  2-{  1  H-Benzotriasol-  1-y  1)  1 , 1 ,3,3-tetramethy luronium  tetrafluoroborate 

TFSMA  Tetrafluoromethanesulphonic  acid 

Fig.  I.  Scheme  of  svnthesis  of  HNE  inhibitor  1. 
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The  formation  of  the  cyclic  product  was  demonstrated  by  obtaining  a  positive 
picrosulphonic  acid  test  result  after  adding  an  N-terminal  glycine  to  a  small 
sample  of  the  peptide,  and  by  obtaining  a  negative  result  in  this  test  after 
cvclization  of  the  original  material.  The  peptide  so  obtained  was  then  purified 
by  means  of  preparative  HPLC  using  a  Dvnamax-3()0A  C,*  column. 

These  experiments  validate  the  modeling  procedures  used  in  designing  the 
putative  serme  protease  inhibitor. 
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Introduction 

Recently,  a  new  bifunctional  thrombin  inhibitor  was  designed  based  on  the 
C-terminal  sequence  ot  hirudin  which  is  the  most  potent  natural  thrombin 
inhibitor  fl].  The  inhibitor,  designated  as  P53,  consists  of  (a)  an  active  site 
inhibitor:  ( Ac-(o-Phe)-Pro-Arg-Pro-);  (b)  an  ‘exo-site’  inhibitor,  hirudin55-65: 
(-DFEEIPEEYLQ-OH);  and  (c)  a  spacer  to  link  these  inhibitors,  hirudin44-54: 
(-QSHNDG-).  The  bivalent  nature  of  the  inhibitor  enhanced  the  potency  by 
decreasing  K,  to  4  nM  in  the  active  site  amidolytic  assay  and  IC5o  to  28  nM 
in  the  clotting  assay  against  human  cr-thrombin.  We  report  here  a  SAR  study 
ot  the  side  chains  in  the  linker  and  the  design  of  minimum  and  optimum  linker 
length. 

Results  and  Discussion 

The  contribution  of  each  residue  side  chain  in  the  linker  was  studied  by  a 
series  ot  analogs  in  which  each  side  chain  was  removed  by  Glv  substitution. 
Gly-'J  was  replaced  by  Ala  to  study  the  effect  of  the  absence  of  a  side  chain 
on  residue  54.  The  peptides  were  tested  for  antithrombin  activity  (Fig.  I).  The 
substitutions  of  Ser50  or  Glv54  reduced  the  potency  of  the  inhibitor  to  1/3  in 
fluorogenic  and  clotting  assays,  suggesting  some  contribution  of  these  side  chains 
to  the  binding.  Other  substitutions  affected  the  potency  of  the  inhibitor  negligibly. 
This  suggests  that  hirudin4V"54  contributes  primarily  as  a  spacer. 

Thrombin  has  a  deep  cleft  between  the  active  site  and  the  exo-site.  Molecular 
modeling  of  P53-thrombin  complex  suggested  that  the  linker  residues-His51  to 
Glv54  remained  outside  the  cleft  and  were  flexible.  This  suggests,  that  most  of 
the  side  chains  in  the  linker  must  not  interact  with  thrombin.  The  only  exception 
was  Ser50  due  to  possible  interaction  with  Asp142  of  thrombin.  TGs  may  account 
tor  the  reduction  ot  activity  in  the  case  of  P53  analog  in  which  Ser50  was  substituted 
by  glycine.  The  model  of  the  thrombin-P53  complex  showed  that  the  distance 
separating  the  Ca-atoms  of  Pro4K  and  Asp55  was  18  A.  This  distance  can  be 
spanned  by  any  linker  that  consists  of  a  minimum  of  12  atoms  in  its  main 
chain  (e.g.  four  consecutive  a-amino  acid  residues)  residing  within  the  cleft, 
if  there  is  no  steric  overlap  between  the  inhibitor  and  thrombin.  These  suggestions 
were  consistent  with  the  experimental  results.  Minimum  and  optimum  length 
of  the  linker  was  studied  using  a  series  of  P53  analogs  in  which  the  linkers 
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Fig.  I.  The  potencies  of  PS3  ana¬ 
logs  relative  to  the  native  sequence 
(with  P53  —  I).  In  each  analog,  a 
residue  shown  in  the  horizontal  axis 
was  substituted  bv  Civ.  Civ-4  was 
substituted  bv  Ala.  The  anttthrom- 
htn  activity  was  assessed  bv  throm¬ 
bin  <  lotting  i/ssai  t - -  and  amt- 

Jase  assay  / . j 


Fig.  2.  Relative  potency  (P53=l)  of  various  synthesized 
peptides  as  a  function  of  the  number  of  atoms  of  the  main 
chain  in  the  linker.  Filled  symbols  and  dotted  line  represent 
results  of  amidase  assay :  the  results  of  the  dotting  assay  arc 
expressed  by  the  open  symbols  and  continuous  line. 

X  -  1  c-( dF)PRPG GDFFFIPFFYL Q-OH 

*  -  I c-Y (iF)PRPG G GDFEEIPEE YL Q-OH 
▼  V  -  ■h'AdFiPRPCCGGDFF.EIPF.F.YLQ-OH 
O  -  \cddF)PRP(-Abu-Abu-)DFEEIPEEYLQ-OH 
•  O  -  3c-(dF)PRP(-Aca-Abu-)DFEElPEEYl.Q-OH 
AA-  !  c-UJF)PRP(  -Aca-Aca-iDFEEIPEE  YL  Q-OH 

■  □  -  A  cd  JFlPRPQSHNDGDFEEIPEE  Yl.  Q-OH  ( P33) 


differed  by  the  number  ot  atoms.  The  peptides  were  tested  for  antithrombin 
activity  (Fig.  2).  Inhibitors  with  a  linker  shorter  than  12  atoms  lost  t he 
bifunctionality  ot  the  inhibition.  Such  inhibitors  blocked  the  exo-site  with  an 
I C<o  value  similar  to  that  of  one  exo-site  inhibitor-hirudin55-'’5  in  the  clotting 
assay.  No  active  site  inhibition  was  observed  even  at  0.1  mM  in  the  active  site 
fluorogenic  assay.  Thus,  only  the  C-terminal  11-residue  fragment.  hirudin55'*5, 
was  found  to  bind  to  the  exo-site  of  thrombin.  The  loss  of  bifunctionality  may 
be  due  to  the  inability  of  6-,  9-  or  10-atom  linkers  to  span  the  two  functional 
sites.  An  inhibitor  with  a  linker  of  12  atoms  in  the  chain  (Glv4  or  Aca-Abu) 
showed  bifunctionality  with  K,  values  of  38  nM  or  96  nM.  respectively.  This 
suggests  that  12  atoms  is  the  minimum  length  for  the  linker  but  is  not  its  ideal. 
The  inhibitor  Ac-(dF)PRP-Aca-Aca-DFEEIPEEYLQ-COOH  with  a  14-atom 
linker  showed  the  highest  antithrombin  activity  in  both  amidolytic  and  clotting 
assays.  Thus,  the  optimum  linker  length  was  in  the  vicinity  of  14  atoms. 
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Michael  J.  Spinella,  John  Everitt.  Asrar  B.  Malik  and  Thomas  T.  Andersen 

Albany  Medical  College,  47  New  Scotland  A  ve. ,  Albany.  NY  12208.  U.S.A. 

Introduction 

Members  of  the  endothelin  (Et)  family  of  vasoconstrictors  are  highly  homo¬ 
logous.  21  ammo  acid  peptides  with  two  conserved  disulfide  bonds  (Cys'-Cvs15 
[the  outer  disulfide |),  and  (Cys:-Cys"  f inner |).  To  assess  the  importance  ot  the 
outer  disulfide  bond,  we  synthesized  a  peptide  in  which  the  outer  disulfide  ol 
Et- 1  was  replaced  with  an  amide  linkage.  The  resulting  analog,  [Dpr'-Asp15] 
Et-1,  potently  inhibited  Et-1  mediated  vasoconstriction  in  the  lung. 

Results  and  Discussion 

Synthesis  of  [Dpr'-Asp15]  Et-1  was  performed  using  a  modified  tBoc  SPPS 
approach  with  differential  side-chain  protection.  N-a-Boc-N-/3-Cbz-diamino- 
propionic  acid  (Dpr)  and  Boc-Asp  (Fmoc)  were  used  to  replace  Cvs-1  and  Cvs- 
15.  respectively.  After  TFA  and  piperidine  treatment  to  remove  Dpr-Boc  and 
Asp-Fmoc  groups,  respectively,  cyclization  was  performed  on  the  resin  using 
BOP  reagent  in  1.5%  DIPEA/DMF  [1].  Cyclization  efficiency  was  95%  as 
monitored  by  quantitative  ninhvdnn  reaction  [2].  After  low/high  HF  cleavage 
[3].  the  inner  disulfide  was  allowed  to  form  by  air  oxidation  at  pH  8.3.  Peptide 
was  purified  using  C!S  RPHPLC  and  quality  assessed  through  AAA  and  peptide 
sequencing.  Analogous  work-up  of  a  portion  of  the  resin  which  did  not  undergo 
BOP  cyclization  generated  a  second  peptide,  termed  the  monocvlic  analog. 


Cnlabled  Peptide  Cdncentrotion  (log  M) 

Ft e  /  'I-F.t-l  binding  to  rat  pulmonary  artery  smooth  muscle  cells  fas  percent  maximal  counts) 
as  a  • unction  ot  unlabeled  competitor. 
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Fig.  3.  Change  in  pulmonary  artery  pressure  as  a  function  of  El- 1  concentration  in  the  presence 

or  absence  of  analog.  Circles  represent  Et-l  Jose  response  curves:  t - j:  Et-I  alone.  I - ):  El-1 

in  presence  of  10  nM  monocvclic  analog.  ( . j:  Et-l  in  presence  of  100  nM  [Dpr'-Asp15 / Et-l).  Squares 

and  mangles  represent  dose  response  of  the  monocytic  analog  alone  and  [Dpr'-Asp15]  Et-I  alone, 
respectively. 

Both  [Dpr'-Asp15]  Et-l  and  the  monocvlic  analog  displayed  specific  binding 
to  cultured  rat  pulmonary  artery  smooth  muscle  cells,  although  with  a  potency 

2  orders  of  magnitude  less  than  that  lor  native  Et-l  (Fig.  1.).  Figure  2  demonstrates 
that,  in  an  isolated  perfused  lung  preparation  |4|.  the  monocvlic  analog  exhibited 
weak  agonist  activity  (which  corresponds  to  previous  Ala  substitution  studies 
[5]),  while  [Dpr'-Asp'5]  Et-l  had  no  agonist  activity.  However,  pretreatment 
of  the  lung  with  10-'  M  [Dpr'-Asp1']  Et-l  inhibited  vasoconstriction  induced 
by  native  Et-l.  Pretreatment  with  a  subagonist  dose  of  the  monocvlic  analog 
(10-8  M)  did  not  result  in  antagonism.  To  demonstrate  specificity,  it  was  shown 
that  [Dpr'-Asp15]  Et-l  was  not  able  to  block  vasoconstriction  induced  by 
thrombin,  norepinephrine  or  Et-3  (data  not  shown).  Results  presented  here 
indicate  that  amide  for  outer  disulfide  replacement  results  in  a  peptide  with 
specific  Et-l  antagonism,  and  that  the  control  peptide  differing  by  one  covalent 
bond,  lacked  antagonist  properties. 
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Introduction 

Both  urokinase  (UK)  and  t-PA  are  major  fibrinolytic  enzymes  widely  used 
as  efficient  anti-thrombosis  agents.  The  t-PA-induced  plasminogen  activation 
can  be  strongly  stimulated  by  fibrin.  It  is  due  to  the  binding  both  of  t-PA  and 
Glu-plasminogen  to  the  D-domain  of  fibrin  [1].  The  fibrin  Aa  149-161  sequence 
had  been  identified  as  a  determinant  for  this  stimulation.  Bv  contrast.  UK  (two- 
chain  form)  displayed  little  fibrin  stimulation.  A  similarity  ol  charge  and 
hydrophobic  distribution  between  UK  149-158  and  Aa  149-161  was  found  with 
a  pattern-recognition  program  (Table  1).  The  present  study  was  undertaken  to 
understand  the  structure-function  relationship  of  UK  149-158. 

Results  and  Discussion 

The  C-peptide.  consisting  of  UK  136-157  peptide  was  purified  and  identified 
from  the  A  chain  of  urine  low-molecular-weight  UK  by  gel  filtration  in  DTT- 
reduced  condition  (Sephadex  G25  and  G-15),  Ct,  RPHPLC.  N-terminal  sequen¬ 
cing  and  C-terminal  analysis. 

R-peptide.  a  nine-amino  acid  peptide  from  UK  149-157  was  synthesized  with 
ABI  430A  Peptide  Synthesizer  by  the  Merrifield  method.  Another  analog  peptide 
(D-peptide).  in  which  Argl5J  and  Argi5fl  were  replaced  bv  Asp  was  also  synthesized. 
Both  peptides  were  purified  and  identified  by  C!x  RPHPLC  and  AAA.  Plas¬ 
minogen  activation  in  the  reaction  mixture  was  assayed  by  casein  digestion  with 
measuring  OD  (275nm)  increase  over  time  after  the  addition  ot  perchloric  acid 
(final  concentration  was  3.30)  to  stop  the  reaction  and  centrifugation.  The 
reaction  mixture  contained  casein  (12  mg/ml).  Glu-plasminogen  (0.12  mg  ml). 
t-PA  (12  iu/mi).  soluble  fibrin  (0.5  mg/ml),  and  EACA  (!.()■  I0--  M)  or  C- 
peptide  (2.5  •  10  '’  M)  or  R-peptide  (2.5  •  10  4  M)  or  D-peptide  (1.0-  1 0 _  1  M) 
or  insulin  A-chain  ( 1 .0  ■  1(H  M). 

As  shown  in  the  Table  I.  the  C-peptide  was  found  to  strongly  inhibit  t-PA- 
induced  plasminogen  activation  in  presence  of  fibrin  (4000-1  old  stronger  than 
EACA).  Only  a  fraction  of  this  effect  was  retained  by  the  R-peptide  which 
appeared  to  be  dependent  on  positive  charges,  and  it  was  completely  lost  in 
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Table  l  The  inhibitory  effect  of  C-peptide  and  its  analogs  in  t-PA-induced  plasminogen 


activation  in  presence  of  fibrin 


Sequence 

Inhibitorv  factor 

Fibrin  Aa  148-161 

IJI,KRLEVDIDIKIRSIM 

ND 

t-PA  265-278 

-'^STCGLROYSQPOFRm 

ND 

C- Peptide  UK  136-158 

'-'KPSSPPFF.l  KroCGQKTLRPRFK:‘ 

4000 

R-Peptide  UK  I49-I5" 

^GOKTI.RPRF  ■*' 

UK) 

D-Peptide  UK  |49-l5?rR>?4  —  0) 

•■‘GOKTLDPDF 

0 

F.ACA 

Insulin  -Wham 

1) 

D-peptide  which  Ara1'-  and  Arg1''-  substituted  with  \SP  residues. 

These  findings  suggested  that  there  mas  he  some  inhibition  by  u-PA  in  t-PA- 
induced  fibrinolysis  and  Arg''4  and  Arg1'"  contributed  to  the  inhibitory  elfect 
of  the  A  chain.  It  also  indicated  that  the  conformation  of  C-peptide  was  very 
important  for  maintaining  its  full  potency.  This  phenomenon  may  be  relevant 
to  the  properties  of  certain  chimeric  activators. 
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Introduction 

The  concept  is  now  widely  accepted  that  mammalian  species  produce  a  family 
of  ET  peptides,  ET-1,  ET-2  and  ET-3,  and  that  the  peptides  exert  diverse  biological 
effects  on  vascular  and  non-vascular  tissues  [1]  through  at  least  two  distinct 
ET  receptor  subtypes  termed  ETA  (ET-1  and  ET-2  selective)  and  ETB  (equally 
sensitive  to  all  three  peptides)  [2]. 

Specific  ET  receptor  antagonists,  therefore,  would  be  quite  useful  in  clantving 
roles  ot  these  ET  family  peptides  in  normal  physiology  and  disease  states.  We 
report  here  an  SAR  in  ET  ^elective  antagonists  obtained  by  modifying  a  novel 
cyclic  pentapeptide  of  microbial  origin. 

Results  and  Discussion 

Recently,  in  our  laboratories.  ET  receptor  binding  inhibitors  BE- 1 825  A  (1) 
and  B  (2)  were  isolated  from  Streptomvces  misakiensis  [3).  Their  structures  were 
deduced  tor  novel  cyclic  pentapeptides  as  shown  in  Table  1  [4].  Conformational 
analysis  ot  I  using  NMR  techniques  has  revealed  the  presence  ot  two  intra¬ 
molecular  hydrogen  bonds:  that  is  to  say.  there  are  a  '/-turn  in  the  d-G1u;- 
Ala-’-o-Val4  region  and  a  type  II  /3-turn  in  the  D-Val4-Leu5-D-Trp‘-D-Glu:  region 
ot  the  molecule.  Further  biological  studies  on  2  have  made  it  clear  that  this 
compound  is  highly  ET^-seiective:  2  inhibits  (i:T]-ET- 1  binding  to  porcine  aortic 
smooth  muscle  membranes  which  are  rich  in  ET*  receptor,  with  an  ICm„jo  value 
of  1.4  uM  but  even  at  100  /xM  scarcely  inhibits  the  binding  to  porcine  cerebellum 
membranes  which  contain  exclusively  ETB  receptor  [2].  While  its  selectivity  is 
attractive,  the  moderate  activity  and  poor  water  solubility  (66  NaHCOO 

ot  2  rather  limits  its  utility  as  a  tool  in  pharmacological  studies.  Then  we  started 
modification  ot  these  lead  peptides  in  order  to  identitv  more  potent  and  more 
soluble  antagonists  with  high  ETV  receptor  selectivity. 

Cyclic  pentapeptide  analogs  were  synthesized  bv  deprotection  lollowing  cv- 
ciization  ot  side-chain  protected  linear  pentapeptides  having  appropriate  A  A 
sequences,  which  were  prepared  either  bv  conventional  fragment  or  stepwise 
condensation  in  solution  or  by  SPPS  (to  be  published).  All  final  compounds 
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Table  1  Receptor  binding  activity  data  for  cyclic  pentapeptide  ET  antagonists 


No. 

Compound 

ETa* 

ICnuxjo  (mM) 

ETBb 

IC50  (mM) 

1 

cyclo(-D-Trpl-t>Glu2-Ala3-D-Val4-Leu5-) 

3.0 

>  100 

2 

cyclo(-D-Trpl-D-Glu2-Ala3-D-aIle4-Leu5-) 

1.4 

>  100 

3 

cy  clo(-o-T  rp 1  -  d-  Asp2-  Ala3-o-  V  al4-  Leu5- ) 

0.11 

>  100 

4 

cyclo(-D-Trpl-D-Glu2-Pro-!-D-Val4-Leu5-) 

0.42 

>100 

5 

cyclo(-o-Trp 1  -d- Asp2- Ala3-D-  Val4-  Pro5-) 

7.8 

>  100 

6 

cycM-D-Trp'-D-Asp^Pro^D-VaF-Leu5-) 

0.022 

23 

4  Porcine  aortic  smooth  muscle  membranes. 
b  Porcine  cerebellum  membranes. 


were  characterized  by  >H  NMR  and  FABMS.  The  analogs  thus  obtained  were 
examined  for  their  ability  to  inhibit  [,25I]-ET-1  binding  to  ETA  and  ETB  receptors 
as  described  [2].  Table  1  lists  the  results  obtained  with  selected  analogs. 

First,  d-G1u2  in  1  was  modified  because  the  side-chain  carboxyl  group  of 
this  residue  was  supposed  to  be  very  important  as  a  pharmacophore:  the 
replacement  with  D-Asp2  (3)  resulted  in  a  marked  increase  in  activity.  Next, 
mainly  for  the  purpose  of  improving  solubility,  Ala3  or  Leu5  was  replaced  with 
an  amino  acid  such  as  Pro,  because  the  NH  hydrogens  of  these  residues  as 
well  as  that  of  D-Trp1  are  not  involved  in  the  intramolecular  hydrogen  bonds 
as  mentioned  above.  The  replacement  of  Ala3  with  Pro3  (4)  rather  unexpectedly 
enhanced  the  activity,  whereas  the  replacement  of  Leu5  in  3  with  Pro5  (5)  caused 
a  r  arked  decrease  in  activity.  This  fact  suggests  the  importance  of  the  iBu  side 
chain  of  Leu5.  The  combined  substitution  of  D-Asp2-Pro3  for  D-Glu2-Ala3  (6) 
produced  a  synergistic  effect  as  expected:  namely,  the  activity  of  6  (BQ-123) 
was  increased  about  two  orders  of  magnitude  over  that  of  1  with  retention 
of  high  selectivity  for  ETA  receptor.  Furthermore.  6  not  only  potently  antagonized 
ET-l-induced  contraction  of  porcine  coronary  arteries  with  a  pAi  value  of  7.4. 
which  was  in  total  agreement  with  the  ICmax50  value  of  22  nM,  but  also  exhibited 
a  high  aqueous  solubility  as  a  sodium  salt  ( >  1  g/ml  saline). 

Several  potent  and  ETA-selective  antagonists  including  BQ-123  which  have 
sufficient  aqueous  solubility  for  i.v.  administration  have  been  identified  through 
chemical  modification  of  the  lead  cyclic  pentapeptides  BE-18257A  and  B.  Such 
antagonists  may  be  utilized  as  research  tools  and  in  certain  therapeutic  appli¬ 
cations. 
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Introduction 

Hirutonin-II  (Fig.  I)  integrates  recognition  elements  of  thrombin’s  catalytic 
site  A,  exosite  B  and  a  native  sequence  of  hirudin  C.  We  describe  the  synthesis 
of  the  key  protected  ketomethylene  pseudodipeptide  analog  (1,  n  =  2)  of  ar- 
ginylglycine  and  its  homolog.  These  correspond  to  the  scissile  P,  -  P,"  position 
of  the  natural  substrate,  Fibrinogen.  We  also  examined  the  effect  of  homologation 
of  the  P|'  subsite  on  the  potency  of  hirutonins. 

h*. -  A - -*-|  C  [— . —  B  . . . -*►! 

o  o 

Ac-(D)-Phe-Pro-HN  CCH2Ch2C  .Q-S-H-N-D-G-Asp-Phe-Glu-Glu-llo-Pro-Glu-Glu-Tyr-Leu-GInOH 

^NH 

CsNH 

NH? 

Fig.  I.  Primary  structure  of  hirutonin-lf. 

Results  and  Discussion 

The  key  residue  5,A-t-Boc-4-oxo-Nai-tosyl  guanidinooctanoic  acid  (Boc- 
AOGO.  and  its  congeners  by  reaction  of  the  protected  arginyl  N, O-dimethyl 
hydroxamate  with  the  Grignard  reagent  of  4-bromo-l -butene  or  higher  alkenes. 
The  resulting  unsaturated  ketones  [1]  were  subjected  to  Sharpless  RuOi/NaI04 
oxidation.  The  homologous  pseudodipeptides  were  incorporated  into  resin 
peptides  bv  SPPS.  Attempts  to  oxidize  the  allylic  ketone  obtained  from  reaction 
with  ally  I  magnesium  bromide  failed.  Reaction  of  the  isobutyl  mixed  anhydride 
with  the  enolate  of  ethyl  acetate  or  ethyl  thioacetate  in  the  presence  of 
MgBr:  •  etherate  gave  the  protected  guanidyl  norstatone.  Model  experiments 
proved  that  the  keto  thioester  underwent  rapid  Cul  catalyzed  coupling  [2]  with 
a-amino  acid  esters  as  well  as  aminoacvl  resins  as  required  for  the  synthesis 
of  hirutonin-1. 

The  peptides  were  assayed  using  the  fluorogenic  substrate  Tos-Glv-Pro-Arg- 
Amc.  Table  1  shows  the  K,  values  for  hirutonins  il-IV.  The  inhibitory  dissociation 
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Table  1  Inhibition  dissociation  constants  for  the  a-thrombin  mediated  hydrolysis  of  the 
tripeptidvl  substrate  Tos-Gly-Pro-Arg-Amo 


Inhibitor 

Ki(nM) 

r-Htrudtn  HV2 

0.0003H  -  0.00005 

desulto  hirudin4' 

1  10  T.  JO 

Hirutonin-I  1 

[i>-Phe4'.Arg  'l'<t'OCH,)COr|  hirudin4'  ■  ' 

ND 

llirutonin-11 

[  o-Pho4'.  Ara  'H(COCH,)t  HjCO4  |  hirudin4' 

(1.37  -t  0.03 

'•lirutonm-lll 

lu-Pho4'. Arg  H'lCOt  HiCtliCO4  !  hirudin4' 

0.56  i  0.14 

Hirutonin-IV 

[I'-Phe4'.  Arg  >P«  ()(  ll;|C  HA  il;(  HA  ()*  |  hirudin4' 

0.14  -0.02 

V  alues  are  based  on  peptide  content:  mean  ol  three  determinations  '  SIM. 


constants  showed  moderate  modulation  by  the  length  of  the  alkyl  chain 
corresponding  to  IY  with  hirutomn  IV  having  highest  affinity  for  human  <*- 
thrombin  («.,  =  (). 14  mVl).  This  value  is  10(H)  fold  lower  than  the  R,  of  the  native 
C-terminal  sequence  corresponding  to  desulto  hirudin4'  but  still  500  times 
higher  than  recombinant  hirudin  (HV2).  Compared  to  the  bitunctional  inhibitors 
in  Table  1,  the  inhibitory  dissociation  constants  of  the  homologous  tripeptide 
esters  corresponding  to  component  A  of  hirutonins  were  invariant  (14-18  gM) 
suggesting  that  the  enhanced  enzyme  affinity  of  hirutonin-IV  is  likely  confor¬ 
mational  and  not  due  to  enhanced  hydrophobic  effects  within  the  S('  subsite. 
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Introduction 

Constrained  cyclic  peptides  have  been  shown  to  be  useful  probes  in  the 
exploration  of  the  conformational  features  of  the  peptide  necessary  for  binding. 
In  designing  conformationally  restricted  analogs  of  peptides  that  exist  in  the 
extended  conformation  and  contain  two  hydrophobic  side  chains  on  the  same 
side,  a  constraint  that  covalently  links  these  side  chains  with  a  hydrophobic 
spacer  offers  the  advantage  of  maintaining  hydrogen  bonds  between  the  backbone 
of  the  inhibitor  and  the  enzyme  while  maximizing  the  hydrophobic  interactions 
of  the  side  chains  and  the  binding  properties  of  the  individual  side  chains  [1,2]. 

One  of  the  key  binding  regions  for  small  transition-state  inhibitors  of  renin 
encompasses  the  region  between  the  P,  and  the  P3  amino  acids.  Conformationally 
constrained  inhibitors  of  renin  that  include  a  covalent  linkage  of  these  side  chains 
would  provide  information  for  the  design  of  peptidomimetic  renin  inhibitors. 

Results  and  Discussion 

Our  design  of  cyclic  renin  inhibitors  focused  on  the  important  binding  region 
between  the  Pi  and  P3  amino  acid  side  chains  of  the  inhibitors.  To  this  end, 
molecular  modeling  using  preexisting  inhibitor  models  [3]  and  overlaps  with 


hn^h 


rhnJnV^X» 

7  H  O  *  H  S 


!-•  n  •  3.  R  -  BOC,  X  -  CHr  o- tyrosine 

lfc  n  -  2.  R  -  BOC,  X  •  CH,,  o-tyroslne 

lfi  n  •  3,  R  •  BOC.  X  •  CHr  m-tyroslne 

X  n  -  3.  R  -  BOC,  X  •  0,  o-tyroelne 

lAi£  n  -  2  -  4,  R  •  fva,  X  -  S,  o-ty rosin# 
U  n  -  3.  R  m  fca.  X  -  S.  n> tyrosine 


General  approach  to  cvclic  analogs. 


O 

RHNn^c 


^  d 


o 

RHN^c 


‘  0(CHj)nl 


HN^n 


O  J  H  O 

HO(CH])nX 


HN*>n 


-  H 
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Tablet  In  vitro  potencies  of  renin  inhibitors  vs.  human  plasma  renin 

Entry  no.  Compound  Renin  IC5n  (mM) 


R1 


1 

Boc-Phe-His-Cha- 

- Val-NHBu 

0.1 

2 

Iva-Phe-His-Cha- 

R 

— Val-NHBu 

0.05 

3 

lb. 

o-Tyr, 

R  =  BOC. 

X  =  CHJ( 

n  =  2 

0.3 

4 

la. 

o-Tyr. 

R  =  BOC, 

X  =  CH,, 

n  =  3 

0.02 

5 

lc. 

m-Tvr, 

R  =  BOC. 

X  =  CH,, 

n  —  3 

>  100 

6 

2, 

o-Tyr. 

R  =  BOC. 

X  =  o. 

n  =  3 

0.2 

7 

3a, 

o-Tyr, 

°.  =  Iva. 

X  =  S. 

n  =  2 

>  too 

8 

3b. 

o-Tyr. 

R  =  Iva, 

X  =  S. 

n  ~  3 

>  100 

9 

3d. 

m-Tvr, 

R  =  Iva, 

x  =  s. 

n  —  3 

>  100 

1  Reduced  amide  bond. 


pepstatin  in  the  rhizopuspepsin/pepstatin  crystal  structure  [4]  was  used  to  design 
a  series  of  conformationally  restricted  cyclic  peptide  inhibitors  of  human  renin 
(1-3)  in  which  the  P(  and  P3  side  chains  are  covalently  linked;  maximizing  their 
hydrophobic  interaction  in  the  large  hydrophobic  binding  pocket  under  the  flap 
region  of  the  enzyme  while  causing  minimal  distortion  to  Phe  at  the  P3  site. 
o-  or  m-Tyrosine  were  substituted  for  Phe  in  the  P,  site  since  they  could  be 
connected  to  an  alkyl  linkage  by  a  Mitsunobu  reaction  (Fig.  1). 

The  in  vitro  inhibitory  activity  against  human  plasma  renin  at  pH  =  6  of  cyclic 
analogs  1-3  was  compared  to  the  acyclic  analogs  that  contain  cyclohexylalanine, 
the  substitution  of  choice,  in  the  P,  position  (Table  1).  The  alanine-based  16- 
membered  ring  analog  of  the  o-tyrosine  series  (la.  entry  4)  showed  the  best 
activity  at  five  times  the  potency  of  the  acyclic  analog  (entry  1).  The  m-tyrosine 
analogs  and  the  sulfur  analogs  showed  no  activity.  More  rigorous  molecular 
modeling  studies  are  necessary  to  explain  these  differences  in  activity. 
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Introduction 

Cvclophilin  [1],  a  major  cytosolic  binding  protein,  is  the  first  peptidyl-prolvl 
cis-trans  isomerase  (PPIase)  identified  [2].  This  enzyme  catalyzes  cis-trans 
isomerization  ot  X-Pro  bonds,  an  isomerization  that  may  be  a  rate  limiting 
step  in  some  protein-folding  reactions  [3],  and  that  may  correlate  with  the 
immunosuppressive  activity  of  the  drug,  Cyclosporin-A  [4,5], 

5-Fluoroproline  (5-FPro,  1),  which  has  not  been  reported  previously,  is  expected 
to  be  unstable  due  to  the  potential  for  imine  formation  (Fig.  1).  Hypothesizing 
that  acyl  derivatives  of  5-FPro  (1)  might  be  sufficiently  stable  to  be  assayed 
as  inhibitors  ot  PPIase,  due  to  the  delocalization  of  the  lone  pair  of  electrons 
on  nitrogen  into  the  adjacent  carbonyl  group,  we  have  synthesized  a  series  of 
5-FPro-containing  substrates  (Fig.  2). 

Results  and  Discussion 

The  5-fluoroproline  peptide  analog  (9)  was  synthesized  from  the  1 ,3-oxazolidin- 
5-one  of  Z-Glu-OH  [6]  (Fig.  1).  The  acid  was  reduced  to  the  resulting  alcohol 
(BHi  MeSi),  which  was  protected  as  its  TBDMS  ether  (4,  64%).  The  oxazo- 
lidinone  ring  was  opened  [5]  (NaOMe)  to  form  the  methyl  ester  (5,  71%).  Removal 
of  the  Cbz  group  (10%  Pd/C),  followed  by  EDCI/HOBt  mediated  coupling 
with  Z-Leu-OH  afforded  dipeptide  6  (44%),  which  was  converted  to  tripentide 
7  (79%)  by  using  an  analogous  sequence.  Deprotection  of  the  silyl  ether  (aq 
HC1),  and  Swern  oxidation  of  the  resulting  alcohol  produced  an  aldehyde  that 
underwent  spontaneous  cyclization  to  form  the  5-hydroxyproline  peptide  analog 
(8.  92%).  Addition  of  alcohol  8  to  diethylaminosulfur  trifiuoride  (DAST,  -60°C) 
afforded  complete  conversion  to  the  water  sensitive  target,  inhibitor  9. 

The  fluorine  atom  in  both  5-FPro-substituted  derivatives  9  and  10  is  labile. 


-HF 


5-FPro  (i) 

fig  /  Imine  formation  involving  5-FPro. 
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TBDMSO 


TBDMSO 


H02C^  '  ^  -  -  w 

_  1.  BH,-M9jS  (75%)  Z  1  NaOMs  1 

>o  — -  ffV°  Tn%r 

2.  TBDMS-OTf  \  J  K  if 

3  (85%) 


OMe 


h5  o 


1.  H2  10%  Pd/C 

2.  Z-Uu-OH 
EDCI/HOBt 

(44%) 


TBDMSO. 


1.  H2  10%  Pd/C 


2-Leu- N' 
6  H 


2.  Z-Ala-OH 
^OMe  EDCt/HOBt 
(79%) 


TBDMSO. 


1.  aq  HCI  (92%) 

2.  Swam  (quant) 


2-Ala-Leu-N' 

7  H 


„OMe 


f  it;.  2.  Synthesis  of  5-FPro-eontatnim ;  substrates. 


hut  each  compound  could  be  isolated  by  careful  aqueous  extraction  and 
characterized  UH.  r'C.  l'fF  NMR).  Upon  standing  in  buffer,  each  compound 
is  converted  to  the  corresponding  5-hvdroxyproline  precursor.  5-FPro  peptide 
9  is  more  stable  than  compound  10.  and  sufficiently  stable  in  aqueous  buffer 
(t,  :<  1  min  at  ()°C  in  4:6  rH  F:\vatcr )  to  be  tested  as  a  potential  mechanism- 
based  inhibitor  ot  PPIa.se.  Inhibitor  9  shows  a  K,>40  juM.  considerably  lower 
than  the  5-hvdroxyproline  derivative  X.  suggesting  that  inhibition  is  not  due 
to  the  formation  ot  8.  Inhibitor  9  does  not  irreversibly  inhibit  PPlase. 
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Introduction 

Inhibitors  of  mammalian  collagenases  and  gelatinase  have  considerable  promise 
for  therapy  of  arthritis,  pseudomonas  infections,  and  tumor  metastasis  [1].  We 
synthesized  effective  peptide  inhibitors  with  IC50  values  near  or  below  1  nM 
against  mammalian  Type  I  coilagenase  and  Type  IV  collagenase  (gelatinase). 
We  now  focused  on  a)  demonstration  of  selectivity  vs.  other  naturally  occurring 
metalloproteases;  and  b)  improved  biostability  and  oral  activity. 

Results  and  Discussion 

The  parent  for  our  most  recent  work  is  the  hvdroxamate  structure  12.  A 
related  thiol  version  furnished  us  with  one  of  the  most  potent  collagenase 
inhibitors  with  that  metal  coordinating  ligand  yet  reported  [2].  The  change  to 
hydroxamate  improved  inhibitory  potency  further  by  nearly  three-fold. 

Table  1  contains  several  representative  analogs  within  the  thiol  and  hydrox¬ 
amate  series.  Introduction  of  several  types  of  flexible  amide  replacements 
including  i/i[CH2S],  <A[CH2SO],  and  i/>[CH2NH]  led  to  approximately  a  100-fold 
decrease  in  inhibitory  potency,  but  we  and  others  have  observed  that  backbone 
modifications  within  peptides  can  often  yield  dramatic  increases  in  in  vitro 
biostability  [3].  This  is  one  of  the  few  examples  in  which  amide  bond  surrogates 
have  been  incorporated  within  highly  effective  proteases  inhibitors  at  other  than 
the  scissile  bond. 

Demonstration  of  selectivity  against  distantly  related  metalloproteases  (en- 
kephalinases,  ACE,  thermolysin)  will  be  reported  elsewhere.  Table  1  contrasts 
selectivity  between  two  closely  related  collagenases  I  and  IV  found  in  human 
fibroblast  and  pig  synovium,  respectively.  Of  greatest  interest  are  analogs  3B. 
4A,  5A,  14A  which  show  significantly  increased  inhibitory  potency  against  Type 
IV  collagenase  compared  to  the  parents  1, 12  but  lower  inhibitory  activity  against 
Type  I.  We  are  currently  preparing  additional  analogs  that  are  designed  to 
optimize  the  three  elements  of  potency,  selectivity,  and  biostabilitv. 
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Table  1  Inhibitory  activities  for  thiol  and  hydroxamic  acid  derivatives  against  HFC  and 
PSG° 


No. 

Compound 

Collagenase 

ICso(mM) 

Gclatinase 

ICsoOiM) 

R  = 

HS-CH;-CH[CH2CH(CHi)2]C0- 

A“ 

B 

A 

B 

1 

R  Nal-Ala-NH; 

0.014" 

0.1‘ 

<0.003 

<0.003 

2 

R-Phe-Ala-NH. 

0.3" 

0.04" 

0.09 

0.001 

3 

R-Pal-Ala-NH, 

0.03 

0.05 

0.12 

<0.001 

4 

R-Nal-Ala-NH-CH, 

0.0? 

0.032 

<0.003 

0.1 

5 

R-Nal-Ala-NH-CH;-CHi 

0.045 

0.16 

-0.001 

0.08 

6 

R-Nalgi(CH;S|Ala-NH; 

nd 

1.0 

nd 

0.25 

7 

R-Nalii.lCH;SO|Ala-NH; 

0.56 

0.14 

0.08 

0.08 

8 

R-Nali(ilCH;NH)Ala-NH.' 

1.0 

0.4 

0.04 

0.5 

R  = 

HS-CH(CH,FCH(CH:CH(CH,);]CO- 

A  B 

C  D 

A  B 

C  D 

9 

R-Nal-Ala-NHj 

0.02“ 

0.1  0.05 

0.007“ 

0.16  0.010 

10 

R-Phe-Ala-NH2 

0.08“ 

0.04  0.006 

0.002“ 

0.45  0.014 

ii 

R-Trp-Ala-NHj 

0.007“ 

0.025“ 

<0.001“ 

0.01“ 

R  = 

HONH-CO-CH,-CH(CH;CH(CH,hlCO- 

A 

B 

A 

B 

12 

R-Nal-Ala-NH; 

0.005 

0.32 

0  001 

0.1 

13 

RIrp-Ala-NH; 

0.006 

0.24 

0.002 

0.17 

14 

R-Nal-Ala-NH-CH, 

0.016 

1.0 

<0.001 

0.28 

R  = 

HONH-CO-CH(CHi)-CH(CH;CH(CHi);)CO- 

A  B 

C  0 

A  B 

c  o 

15 

R-Nal-Ala-NH: 

0.35  0.6 

0.6  2.0 

0.3  0.6 

0.6  0.45 

16 

R-Phe-Ala-NH: 

10.0“ 

17.0“ 

10.0“ 

13.0“ 

17 

R-Trp-Ala-NH; 

0.18-1 

0.46  0.7 

0.1“ 

0.7  0.5 

Abbreviations:  HFC  =  human  fibroblast  collagenase:  PS(>  -  pig  synovial  gclatinase: 

Nal  =  i  -3-(2'-naphthyl)a!anine,  Pal  =  i  -3-(3'-pyrulyl)alaimte 
J  Inhibitor  activities  determined  at  37°C  by  the  procedure  of  Stack  and  Gray  |4|  with  Dnp-pcptidc  substrate. 
*  A,  B,  and  where  appropriate.  C  and  D.  designate  the  order  of  elution  of  the  diastereomers  when  chromatographed 
on  a  C>«  reversed  phase  column. 

'  Activities  determined  with  pig  synovial  collagenase  and  collagen  substrate. 

11  Tested  as  mixture  of  isomers. 
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Introduction 

Thrombin  is  the  last  protease  in  the  blood  coagulation  cascade,  and  is  an 
ideal  target  for  the  development  of  an  anticoagulant  protease  inhibitor.  Substrate- 
related  peptidyl  phosphonate  diphenyl  esters  are  effective  and  highly  selective 
inhibitors  of  chymotrypsin  [1,2]  and  trypsin  [3].  They  form  stable  transition- 
state  analogs  with  the  active  site  serine,  similar  to  the  tetrahedral  intermediates 
formed  during  normal  substrate  hydrolysis.  Here  we  report  the  synthesis  of 
peptidyl  phosphonate  diphenyl  esters  as  thrombin  inhibitors  (Fig.  1). 

Results  and  Discussion 

These  novel  inhibitors  are  modeled  after  the  ‘fibrinogen-like'  sequence  o-Phe- 
Pro-Arg  which  has  been  widely  used  in  the  design  of  substrates  and  inhibitors 


Lip  1.  Synthesis  of  peplidvl phosphonate  diphenyl  ester  thrombin  inhibitors. 


Table  1  Thrombin  inhibitory  activity 

K,  (mM) 


Peptide  inhibitors 


K,  (MM) 


Z-o-Phe-Pro-PglP  (OPh)2  >31 

Z-n-Dpa-Pro-PglP(OPh)2  10.4 

D-Phe-Pro-PglP(OPh):  1.7 

i)-Dpa-Pro-PglP(OPh);  0.48 

i)-Phe-Pro-PglP(OH);  >98 


o.L-Dpa-Pro-Pg|p(OH)i  2.3 

Boc-ni-Dpa-Pro-PglWH),  59 

i>-Phc-Pro-Mpg,’(OPh):  0.0188h 

d-  Dpa-  Pro-  M  pg*'(  OPh )2  0.0048'' 


Abbreviations:  Dpa  = /3,/3-diphenylalanine.  Pgl1 * * 4’  =  phosphonic  acid  analog  of  n-pentylglycinc. 
Mpg1'  -  phosphonic  acid  analog  ot  3-methoxvpropvlglvcine. 
h  50  min  incubation  time,  all  others  without  incubation. 


ot  thrombin  [4j.  Recently  we  found  that  the  replacement  of  the  N-te»«iiinal  Phe 
in  this  sequence  by  diphenvlalanine  (Dpa)  gave  improved  thrombin  inhibition 
tor  inhibitors  having  a  C-terminal  aldehyde  or  keto  group.  Furthermore  we 
found  that  in  the  o-Phe-Pro-Arg  sequence  the  positively  charged  side  chain  of 
Arg  can  be  replaced  bv  a  neutral  side  chain  without  a  serious  loss  of  inhibitory 
effect  [5].  Because  of  these  results  and  in  order  to  simplify  the  synthesis,  we 
chose  to  synthesize  D-Aa-Pro-NH-CH(R)-P(0)(OPh),  with  Aa  =  Phe  and  Dpa. 
Diphenyl  a-amino-alkanephosphonate  (I)  is  prepared  by  a  three  components 
reaction  trom  triphenvl  phosphite,  aldehyde  and  benzyl  carbamate,  and  then 
deprotected  by  hydrogenation  on  Pd/C.  The  phosphorus-containing  tripeptides 
(III)  are  obtained  through  the  coupling  of  Z-o-Aa-ProOH  with  I  by  the  mixed 
anhydride  method.  Compounds  IV  are  obtained  by  removal  of  the  Z-protecting 
group  through  hydrogenation  on  Pd/C  and  V  by  the  cleavage  of  the  diphenyl 
groups  on  PtO;/H> 

These  new  peptide  inhibitors  show  (Table  1)  slow  binding  behavior,  they  are 
more  effective  as  phenyl  esters  than  as  free  phosphonic  acids,  and  they  function 
better  without  an  N-protecting  group.  It  is  also  clear  that  Dpa  is  preferable 
to  Phe  in  the  P,  position  which  agrees  with  our  previous  observation  that  Dpa 
improves  binding  to  the  apolar  binding  site  of  thrombin  in  the  case  of  tripeptide 
aldehydes  and  ketones.  Thrombin  is  known  to  cleave  exclusively  Arg  and  Lys 
bonds,  and  therefore  it  is  interesting  that  good  thrombin  inhibition  can  be  obtained 
with  a  Pj  amino  acid  having  a  neutral  side  chain,  and  that  this  side  chain  also 
brings  about  high  selectivity  for  thrombin  with  very  low  activity  towards  plasmin 
and  other  serine  proteases.  Thus,  these  new  thrombin  inhibitors  show  in  vitro 
properties  which  make  them  interesting  as  potential  antithrombotic  agents. 
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Introduction 

The  amino  acid  sequence  of  fibrinogen  preceding  the  bond  cleaved  by  thrombin 
is  of  deciding  imnortance  for  the  affinity  between  the  enzyme  and  the  substrate 
[1].  Important  bine  mg  sites  of  this  sequence  have  been  imitated  and  first  used 
as  the  basis  for  synthetic  chromogenic  substrates  of  thrombin  [2,3].  The  very 
first  sequence  Bz-Phe-Val-Arg  has  been  improved,  protected  Phe  was  replaced 
by  unprotected  D-Phe  [4]  and  Val  was  successfully  replaced  by  Pro  as  used 
in  the  inhibitor  o-Phe-Pro-Arg-H  [5],  and  used  in  inhibitors  with  aldehyde  [5], 
keto  groups  [6]  and  peptidvl  boronic  acids  [7],  We  report  modifications  at  the 
termini  of  D-Phe-Pro-Arg. 

Results  and  Discussion 

Thrombin  has  an  important  hydrophobic  binding  area  close  to  the  active 
site  to  which  the  aromatic  ring  of  Phe  binds.  We  speculated  that  a  more  lipophilic 
amino  acid  containing  two  aromatic  rings  could  give  better  binding  than  Phe. 
Several  new  such  amino  acids  were  synthesized  and  /?,/?-diphenylalanine  (Dpa) 
was  found  to  be  a  good  replacement  for  Phe.  The  aldehyde  groups  (Table  1) 
were  introduced  by  LiAlH4  reduction  of  the  corresponding  N.O-dimethylhy- 
droxylamides,  and  the  ketomethylene  bond  was  obtained  in  very  good  yield 
by  a  modified  Dakin  West  reaction. 


T able  1  The  effect  of  replacing  Phe  by  Dpa  in  various  thrombin  inhibitors 


Ki  (jxM) 

TTa 

BPb 

Aldehydes 

Boc-D-Phe-  Pro- A  rg-  H 

0.1 

5 

40 

Boc-DL-Dpa-Pro-Arg-H 

0.03 

3 

100 

Ketones 

D-Phe-  Pro-  Arg(i£COCHi)-Gly-pipc 

1.3 

4.9 

DL-Dpa-Pro-Arg(tiCOCH:)-Glv-pip 

0.6 

- 

o-Dpa-Pro-Arg(i//COCHi)-Gly-pip 

0.2 

0.65 

L-Dpa-Pro-Arg(tKTOCH;)-Gly-pip 

1.7 

7.5 

1  Cone,  (/At)  needed  to  double  the  TT. 
h  Ur  ot  normal  blood  pressure  (BP).  4  mg/kg  i.v.  cats. 
'  pip  =  piperidide. 
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Table  2  The  effect  of  variation  of  the  C-terminal  side  chain  of  various  peptidyl  boronic 
acid  thrombin  inhibitors 


Z-O-Phe-Pro-NH-CH-B  ^ 

R 

R 

Ki(uM) 

TT 

CHrCH,-CH1-NH-C(NH>)=NH^ 

0.001 

0.66 

CHi-CH’-CH'-O-CHi 

0.007 

2.8 

CH.-CH-CH-CH -CH, 

0.019 

2.0 

CH  r  C  H  :-C  H  :-C  1 1  -C  H  :-CH  :-C  H-C  H, 

0.023 

3.9 

0 _ 

CHrCH-CH:-/  J 

0.025 

3.4 

CH. 

C-CH:CHt 

j 

0.007 

0.56 

CH, 

Q 

X 

u 

0.013 

0.33 

Table  1  shows  that  the  substitution  of  Phe  for  Dpa  gives  the  inhibitors  superior 
K,  and,  interestingly,  also  reduces  the  drop  in  blood  pressure  often  seen  as  a 
side  effect  of  inhibitors  containing  Arg  or  Arg  analogs  [8,9], 

Thrombin  is  known  to  exclusively  recognize  substrates  where  it  can  cleave 
an  Arg  or  Lys  bond.  Earlier  thrombin  inhibitors  are  usually  based  upon  Arg 
or  an  ‘Arg-like’  molecule  with  a  positively  charged  side  chain/group.  We  have 
now  found  that  in  inhibitors  derived  from  D-Phe-Pro-Arg,  the  side  chain  of 
Arg  can  be  replaced  by  a  neutral  side  chain  without  any  serious  loss  of  inhibitory 
effect.  The  advantage  of  this  replacement  is  that  no  lowering  of  blood  pressure 
is  observed,  and  furthermore,  the  inhibitor  is  more  selective  for  thrombin.  Table 
2  gives  some  examples  of  peptide  boronic  acids  with  different  neutral  P,  side 
chains.  To  summarize,  modifications  of  the  o-Phe-Pro-Arg  structure  have  given 
us  possibilities  to  design  inhibitors  which  have  better  K,.  higher  selectivity  for 
thrombin  and  lower  side  effects. 
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Introduction 

The  maintenance  of  homeostasis  is  essential  for  the  survival  of  mammalian 
organisms.  Thus,  stimuli  which  threaten  homeostasis,  such  as  physical  stresses 
or  pathogens,  cause  immune,  endocrine,  metabolic  and  behavioral  changes  which 
are  destined  to  restore  and  maintain  the  consistency  of  the  ‘milieu  interieur'. 
Over  the  years,  a  large  body  of  clinical  observations  had  indeed  suggested  possible 
connections  between  the  immune  and  the  endocrine  systems  [1-5].  However, 
the  biochemical  entities  responsible  for  such  communication  pathways  have  long 
remained  hypothetical.  The  characterization  of  proteins  (called  cytokines  or 
interleukins)  manufactured  by  macrophages  during  the  early  part  of  immune 
activation  [6,7];  the  demonstration  that  these  proteins  can  reach  endocrine  organs 
(in  particular  the  hypothalamus)  and  stimulate  the  secretion  of  peptides  |such 
as  corticotropin-releasing  factor.  CRF  [8— 11]};  and  finally,  the  knowledge  that 
the  subsequent  activation  of  endocrine  functions  (such  as  adrenal  steroid  release) 
can  in  turn  convey  feedback  signals  to  immune  cells  [12],  all  have  paved  the 
way  for  a  better  understanding  of  the  bilateral  communication  pathways  which 
link  the  immune  and  the  neuroendocrine  systems.  This  brief  review  describes 
studies  carried  out  in  our  laboratory,  which  have  investigated  the  role  of  CRF 
as  a  link  between  these  two  systems. 

Results  and  Discussion 

One  of  the  best  known  and  characterized  endocrine  changes  caused  by  stress 
(used  here  to  describe  any  threat  to  homeostasis)  is  an  activation  of  the 
hypothalamic-pituitarv-adrenal  (HPA)  axis.  In  particular,  exposure  to  ether 
vapors  or  mild  electroshocks  [13]  results  in  increased  circulating  levels  of  ACTH. 
corticosteroids  and  the  hypothalamic  peptide  CRF  [14].  CRF  is  a  41-amino 
acid  peptide  originally  isolated  and  characterized  from  sheep  [15,16]  and  rat 
[17]  hvpothaiami,  which  stimulates  the  release  of  ACTH  and  corticosterone  [18]. 
The  physiological  role  of  CRF  in  mediating  stress-induced  activation  of  the 
HPA  axis  was  demonstrated  by  studies  showing  that  removal  of  endogenous 
CRF  by  antisera  [19]  or  blockade  of  pituitary  CRF  receptors  [20],  significantly 
decreased  the  ability  of  stress  to  stimulate  pituitary  and  adrenal  function.  CRF- 
secreting  neurons  are  present  in  several  areas  of  the  brain  [21].  However,  we 
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have  recently  provided  evidence  that  the  paraventricular  nucleus  (PVN)  of  the 
hypothalamus  represented  an  important  source  of  this  peptide,  as  destruction 
of  this  area  by  electric  lesions  interferes  with  ACTH  secretion  in  rats  exposed 
to  mild  shocks  [22],  This  confirmed  our  previous  observation  that  stress 
specifically  increased  CRF  mRNA  levels  and  gene  expression  in  the  PVN  [23]. 

Interestingly,  injection  of  laboratory  animals  with  viruses  or  immunogenic 
antigens  causes  an  activation  of  the  HPA  axis  which  is  similar  to  that  observed 
during  physical  stress  [24.25].  Furthermore,  the  observation  that  occurrence  of 
the  immune  response  was  temporarily  related  to  increases  in  plasma  corticosteroid 
levels,  suggested  that  activated  immune  cells  might  secrete  products  (now  known 
to  be  cytokines  or  interleukins)  which  would  convey  the  occurrence  of  immune 
stimulation  to  the  HPA  axis  [26].  The  demonstration  of  increased  electrical  and 
biochemical  activity  of  the  hypothalamus  following  exposure  to  antigens  [2'7- 
29]  and  the  observation  that  circulating  interleukins  increased  CRF-secreting 
neurons  activity  [30,31]  and  expression  in  the  PVN  [32],  as  well  as  CRF  release 
into  the  portal  circulation  (a  vascular  system  which  connects  the  base  of  the 
hypothalamus  to  the  pituitary)  [33],  provided  evidence  for  the  existence  of  a 
functional  connection  between  the  immune  and  the  endocrine  system  [34],  This 
hypothesis  was  further  substantiated  by  results  showing  that  administration  of 
interleukins  caused  dose-related  elevations  of  ACTH  values  [35,36],  and  that 
such  changes  were  prevented  by  immunoneutralization  of  endogenous  CRF 
[31,33,37]  or  destruction  of  CRF  neurons  in  the  hypothalamus  [22]. 

Conclusion 

We  can  now  suggest  the  following  sequence  of  events:  exposure  to  infectious 
or  inflammatory  agents  stimulate  immune  cells  such  as  macrophages,  which 
respond,  in  particular,  with  increased  synthesis  and  secretion  of  proteins  called 
interleukins.  In  addition  to  stimulatory  effects  on  adjacent  immune  cells  (which 
will,  among  other  things,  result  in  antibody  formation),  interleukins  enter  the 
vascular  circulation  and  reach  distant  organs  such  as  the  hypothalamus.  This 
causes  the  release  of  CRF,  as  well  as  ACTH  and  corticosteroids.  Adrenal  steroids 
in  turn  exert  inhibitory  effects  on  immune  cell  function  and  number,  thus 
preventing,  in  particular,  the  overproduction  of  interleukins  which  might  in  itself 
threaten  homeostasis.  In  addition.  ACTH  and  CRF  may  also  exert  immuno- 
regulatory  actions.  This  demonstrates  the  essential  role  played  by  CRF,  a  peptide 
originally  isolated  and  characterized  solely  on  the  basis  of  its  stimulatory  eti cct 
on  ACTH  secretion,  in  modulating  the  bidirectional  relationship  which  exists 
between  the  immune  and  the  neuroendocrine  systems. 
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Introduction 

A  complete  and  fully  synthetic  peptide  vaccine  inducing  humoral  and  cellular 
immune  response  must  contain:  built-in  adjuvanticity  for  activation  of  B-cells 
and  macrophages,  B-cell  epitopes,  T-heiper  cell  epitopes  and  killer  cell  (CTL) 
epitopes.  Major  problems  in  vaccine  development  are  CTL  induction  in  vivo 
and  allele-specific  epitope  prediction.  Most  synthetic  vaccines  described  to  date 
do  not  meet  all  of  these  requirements,  they  are  effective  only  in  combination 
with  carrier  proteins  and  the  obsolete  Freund’s  adjuvant.  We  developed  a  novel 
low-molecular-weight  vaccine  against  foot-and-mouth  disease  virus  (FMDV) 
composed  of  the  viral  B-  and  T-cell  epitope  FMDV  VP1  (135-154)  and  the  B- 
cell  and  macrophage  activator  tripalmitoyl-S-glyceryl-cysteinylserylserine 
(PiCSS).  PiCSS  is  the  synthetic  analog  of  the  N-terminal  part  of  the  lipoprotein 
from  Gram-negative  bacteria.  The  synthesized  vaccine  P,CSS-FMDV-VP1  ( 1 35— 
154)  of  3.4  kDa  induces  a  long-lasting  high  protection  and  serotype-specific 
virus-neutralizing  antibodies  in  guinea-pigs,  pigs  and  cattle  after  a  single  ad¬ 
ministration  without  any  additional  adjuvant  or  carrier  [1]. 

CTLs,  constitute  an  essential  part  of  the  immune  response  against  viral 
infections  and  CTL  induction  usually  requires  in  vivo  priming  with  infectious 
virus.  The  CTL  receptor  recognizes  peptides  derived  from  viral  proteins  presented 
by  the  major  histocompatibility  complex  (MHC)  class  I  molecules  on  the  surface 
of  infected  cells.  Recently  we  described  that  synthetic  viral  peptides  covalently 
linked  to  P?CSS  can  efficiently  prime  influenza  virus-specific  CTL  in  vivo  [2]. 
The  lipopeptide  vaccines  of  only  2.3  kDa  induce  the  same  high-affinity  CTL 
as  does  the  infectious  virus.  P,C  lipopeptides  overlapping  in  sequence  of  viral 
proteins  can  easily  be  prepared  by  SPPS  using  Fmoc/tBu  strategy  on  acid  labile 
resin  anchors  and  conventional  or  multiple  methods  [3j.  Therefore  immunization 
with  analytically  well  characterized  lipopeptides  followed  by  appropriate  ELISA, 
lymphocyte  proliferation.  FACS  and  CTL  assays  provides  a  fast  and  efficient 
screening  method  for  B-,  T-helper  and  T-killer  cell  epitopes  of  viral  and  bacterial 
proteins. 

Here  we  present  fundamental  findings  ieading  to  an  experimental  data  base 
for  exact  allele-specific  epitope  prediction. 
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Fig.  I.  Sequence  motifs  revealed  by  sequencing  oj  self-peptide  mixtures  eluted  from  MHC  class  I 
molecules  [5]. 

Results  and  Discussion 

The  existence  of  naturally  processed  viral  peptides  could  be  shown  by  us  for 
the  first  time  by  extraction  from  virus-infected  cells  [4].  Peptides  were  isolated 
by  elution  with  0.1%  TFA,  separated  by  HPLC  and  tested  in  the  5lCr  release 
assay  using  influenza  virus  specific  CTL  lines.  Our  results  indicate  that  highest 
caution  is  necessary  in  identifying  T-ce!l  epitopes  by  synthetic  peptides,  because 
extremely  low  amounts  of  byproducts  may  induce  the  biological  effect  as  shown 
by  comparing  CTL  recognition  of  naturally  isolated  with  synthetic  viral  peptides. 
A  truncated  peptide  byproduct  ( <0.01%)  in  the  synthetic  influenza  nucleoprotein 
NP  147-158  crude  product  did  coelute  with  naturally  processed  viral  peptide. 
A  combination  of  gas  phase  sequencing  and  sequencing  by  ion  spray  MS/MS 
revealed  the  isolated  peptide  to  be  the  nonapeptide  TYQRTRALV.  This  nona- 
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peptide,  NP  147-155,  was  found  to  be  several  orders  of  magnitude  better 
recognized  by  KJ  restricted  CTL  than  longer  peptide  analogs.  A  similar  experiment 
revealed  that  NP  366-374  (ASNENMETM)  is  recognized  1000  times  better  by 
D*  restricted  CTL  than  the  previously  identified  and  synthesized  longer  peptide 
NP  366-379. 

In  an  attempt  to  identity  common  features  and  possible  allele-specificitv  of 
T-cell  epitopes,  we  isolated  self-peptides  from  H-2  molecules  which  were 
immunoprecipitated  on  affinity  columns  from  detergent  extracts  of  P815  tumour 
cells.  The  peptides  were  eluted  from  the  Ky  molecules  by  0.  Iff  TFA  and  separated 
by  HPLC.  Fractions  were  pooled  in  the  effluent  region  were  the  viral  nonapeptides 
eluted  and  this  batch  was  subjected  to  10  cycles  of  automated  Edman  degradation 
with  on-line  HPLC  detection.  The  inspection  of  the  raw'  data  of  such  uncon¬ 
ventional  sequencing  ot  a  complex  mixture  of  peptides  revealed  distinct  amino 
acid  patterns  (individual  increase  of  one  or  several  amino  acids)  for  each 
degradation  cycle  from  1  to  9  (Fig.  1)  [5],  whereas  mock-eluted  material  showed 
a  uniform  decrease  of  each  residue  with  every  cycle.  Taking  the  results  from 
several  experiments,  we  found  that  the  K^-eluted  self-peptide  mixture  consists 
of  nonapeptides  all  of  which  carry  Tvr  or  Phe  in  position  2  and  lie  or  Leu 
in  position  9.  We  call  these  conserved  amino  acids  anchor  residues.  Their  side 
chains  are  probably  protruding  into  the  allele-specific  pockets  of  the  MHC  groove. 
Residues  at  other  positions  are  more  variable  (Fig.  I).  One  prominent  self- 
nonapeptide  could  be  directly  isolated  in  pure  form  and  sequenced:  SYFPEITH1. 

The  same  isolation  and  sequencing  procedures  were  applied  to  determine  also 
the  D\  K*  and  human  HLA-A2. !  restricted  peptide  motifs  [5].  Sequencing  of 
the  self-peptide  mixtures  from  these  four  MHC  I  molecules  revealed  nonamers 
(K<;,  A2,  Dft)  or  octamers  (KO.  Anchor  positions  vary  in  the  different  motifs: 

2  and  9  (K<  A2),  5  and  9  (DO.  or  2  and  8  (KO  (Fig.  1). 

Our  methods  allow  to  determine  a  large  database  of  peptides  presented  by 
individual  MHC  species  and  their  respective  motifs.  Such  T-cell  epitope  pre¬ 
dictions  may  benefit  vaccine  development  and  therapy  against  autoimmune 
diseases  and  graft  rejection. 
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Introduction 

T-celis  recognise  peptide  antigens  at  cell  surfaces  in  association  with  self 
glycoproteins  called  MHC  (major  histocompatibility  complex)  proteins,  leading 
to  the  term  ‘MHC-restriction’  [1],  T-cells  expressing  CD4  are  restricted  by  class 
II  MHC  molecules,  while  T-cells  expressing  CD8  are  restricted  by  class  I  MHC 
[2],  For  instance,  viral  or  other  antigenic  peptides  generated  within  cells  associate 
with  class  I  MHC  molecules  in  the  endoplasmic  reticulum  during  assembly  from 
their  two  component  chains,  a  and  /J:m.  to  form  a  heterotrimeric  complex 
recognized  by  CD8*  T-cells  [reviewed  in  3],  Once  at  the  cell  surface,  most  class 
I  molecules  exist  as  such  hetcrotrimers.  although  there  is  evidence  for  peptide- 
free  dimers  which  may  be  conformationally  unstable  j 4]. 

The  first  crystal  structure  of  an  MHC  molecule  provided  a  vivid  image  of 
a  peptide-binding  pocket,  essentially  between  two  a-helices  which  rest  on  a 
platform  made  up  of  )3-sheet  { 5],  A  top-down  view  of  the  two  a-helices  clearly 
reveals  this  peptide-binding  pocket,  which  in  the  crystal  structure  is  occupied 
by  electron-dense  material  thought  to  represent  an  (indefinable  mixture  of 
different  peptides.  One  particularly  intriguing  aspect  of  MHC-restricted  antigen 
recognition  is  the  fact  that  cells  from  a  given  individual  express  only  about 
a  half  dozen  different  class  I  MHC  molecules  which  collectively  must  present 
a  potentially  vast  number  of  possible  peptide  antigens,  implying  a  certain  amount 
of  degeneracy  in  peptide-MHC  protein  binding. 

When  a  synthetic  peptide  mimicking  part  of  a  virus  or  other  antigen  is  added 


Table  1 

Equilibrium  dialysis  of  l  ‘H /-labelled  peptides  and  purified  c 

lass  I  MHC  protein 

Peptide 

Class  1  MHC 

Final  cpm  ratio-' 

Ka  upper  limit  (l/m) 

cpm  recovered  ('7  ) 

MPP 

HLA-A2 

n.m 

not  known 

83 

.MPP 

MLA-B7 

1)  .897 

not  known 

88 

MPP 

none 

0.721 

(NAt 

41 

RT57 

HLA-A2 

1.064 

UP 

46 

RT57 

HLA-B7 

1.055 

IIP 

100 

RT5- 

none 

1.000 

(NA) 

96 

Represents  cptn  in  protein  compartmem/cpm  in  peptide  compartment  alter  several  days. 
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to  cells,  the  cells  can  be  destroyed  by  specific  cytotoxic  T  lymphocytes  (CTL) 
[6].  Thus  synthetic  peptides  can  be  used  to  probe  the  requirements  for  MHC 
binding  and  for  T-cell  recognition.  The  cognate  peptide  for  a  given  CTL  is 
defined  as  a  peptide  that  can  be  recognized  in  association  with  a  particular 
MHC  protein  by  that  CTL.  At  least  50  cognate  peptides  have  been  identified 
using  synthetic  peptides.  The  identification  of  peptides  optimally  recognized  by 
CTL  is  of  practical  importance  for  synthetic  vaccine  design. 

Results  and  Discussion 

We  synthesized  peptides  manually  using  standard  methods  based  on  tBoc 
chemistry,  so  that  we  could  incorporate  radioactively  labelled  amino  acids  at 
internal  positions  or  specifically  modify  the  amino-termini.  All  peptides  were 
purified  by  RPHPLC  and  tested  for  sensitizing  activity  using  specific  CTL.  We 
attempted  to  measure  the  binding  affinity  between  peptides  shown  to  possess 
biological  activity  and  purified  class  I  MHC  molecules  prepared  from  50-100 
liters  of  cultured  human  cells.  We  used  equilibrium  dialysis  and  gel  filtration 
assays,  and  consistently  failed  to  observe  significant  binding,  as  indicated  by 
the  equal  distribution  of  radiolabelled  peptide  across  a  dialysis  membrane  (Table 
1).  MPP,  a  peptide  from  influenza  virus  matrix  protein,  aggregated  and  did 
not  equilibrate  well;  RT57,  another  cognate  peptide,  equilibrated  but  showed 
no  significant  binding.  The  limit  of  detection  for  our  equilibrium  dialysis  assay 
is  an  association  constant  of  104  1/m,  setting  an  upper  limit  for  affinity.  This 
result  is  in  marked  contrast  to  measured  association  constants  of  10M07  1/m 
between  class  II  MHC  and  the  appropriate  peptides  [7], 

There  are  three  possible  reasons  for  the  lack  of  detectable  binding  between 
class  I  MHC  and  peptides.  (1)  An  association  constant  below  104  I/m.  which 
could  still  result  in  sufficient  class  I-peptide  complexes  for  a  T-cell  response 
and  might  help  explain  the  apparent  degeneracy  in  the  system.  (2)  Alternatively, 
purified  soluble  class  I  molecules  could  contain  many  bound  peptides,  as  do 
the  crystals,  so  as  to  reduce  drastically  the  concentration  of  available  peptide¬ 
binding  sites.  Moreover,  the  bound  peptides  would  have  to  be  unable  to  exchange 
with  labelled  peptides,  implying  either  an  extremely  slow  dissociation  rate  or 
a  conformational  change  after  dissociation.  We  looked  for  bound  peptides  in 
our  purified  class  I  MHC,  and  nothing  was  detectable  on  SDS-polyacrvlamide 
gels.  However,  using  a  sensitive  gel  filtration-HPLC  system  to  quantitate  bound 
peptides  by  AAA  of  all  HPLC  fractions,  we  were  able  to  confirm  the  presence 
of  a  large  number  of  bound  peptides  in  highly-purified  class  I  MHC  preparations. 
(3)  A  third  explanation  for  little  or  no  measurable  affinity,  not  mutually  exclusive 
with  either  of  the  first  two,  invokes  a  more  complicated  process  than  straight¬ 
forward  binding  when  synthetic  peptides  are  used  to  sensitize  target  cells.  For 
example,  peptide  binding  to  class  I  MHC  may  require  additional  events  such 
as  processing  (digestion)  into  shorter  peptides  and/or  uptake  into  cells  [8]. 

A  hint  that  peptide  processing  might  be  involved  is  provided  by  the  observation 
that  adding  or  deleting  residues  from  a  cognate  peptide  in  many  cases  does 
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Table  2  HPLC  purification  of  iodinated  12-residue  HIV  peptide 


Retention  time 

Peak  area  (%) 

Spec,  activ.  (cpm/pg) 

Product  identification 

33.08 

14.625 

0 

unreacted  peptide 

36.57 

35  887 

5.0  x  104 

mono-iodinated 

39.57 

31659 

1.0  x  I05 

di-iodinated 

40.54 

12986 

1.5  x  10s 

tri-iodinated 

43.84 

4024 

(ND) 

tetra-iodinated 

Products  were  separated  on  a  C18  semi-preparative  HPLC  column  at  2.5  ml/min  using  a  standard 
acetonitrile  gradient  in  the  presence  of'O.lfy  TFA. 


not  change  its  sensitizing  activity.  For  instance  the  dose-response  curve  for 
sensitizing  activity  of  a  25-residue  HIV  cognate  peptide  does  not  change  when 
the  peptide  is  truncated  to  17,  15.  or  12  amino  acids,  although  going  to  a  9- 
residue  peptide  shifts  the  curve  by  about  two  orders  of  magnitude  toward  less 
potency.  However,  serial  truncations  of  a  given  peptide  could  exhibit  similiar 
sensitizing  activities  for  three  reasons:  (1)  Longer  peptide  analogs  are  processed 
to  a  common  minimal  peptide  which  binds  class  I  MHC.  (2)  Longer  peptides 
contain  trace  levels  (e.g.  1  pg/ml)  of  an  extraordinarily  potent  shorter  peptide 
which  arises  as  a  byproduct  of  chemical  synthesis  and  underlies  the  biological 
activity  of  the  synthetic  preparation  [9,10],  (3)  The  various  peptide  truncations 
could  all  bind  class  I  MHC,  provided  certain  key  ‘anchor’  residues  are  present 
in  the  peptide,  although  it  seems  less  likely  that  the  antigen-specific  T-cell  receptor 
would  tolerate  such  length  heterogeneity  [11], 

To  look  at  these  possibilities,  we  radioiodinated  HPLC-purified  peptides  and 
separated  on  a  shallow  HPLC  gradient  the  stoichiometrically  mono-iodinated. 
di-iodinated.  and  tri-iodinated  products.  The  measured  specific  activities  verify 
the  nature  of  each  product  (Table  2).  It  is  noteworthy  that  conventional  trace 
lodination  techniques  do  not  suffice  for  this  type  of  experiment  because  a  valid 
bioassay  of  labelled  peptides  cannot  be  performed  in  the  presence  of  unlabelled 
peptide.  We  added  the  biologically  active  mono-iodinated  or  di-iodinated  peptides 
to  target  cells  and  purified  the  class  I  MHC  from  these  cells  to  measure  how 
much  labelled  peptide  co-purifies  with  MHC  protein.  In  add-back  experiments 
using  the  12-residue  HIV  peptide  we  found  no  radiolabel  associated  with  class 
I  MHC  purified  from  the  cells,  suggesting  that  the  radiolabelled  residue  was 
lost  from  the  active  binding  peptide.  We  confirmed  this  interpretation  by  showing 
that  the  retention  time  on  RPHPLC  of  the  radiolabel  had  shifted  after  incubation 
with  cells  (but  not  after  incubation  with  medium  only)  and  that  a  shorter  labelled 
peptide  did  co-purify  with  class  I  MHC.  We  are  presently  exploring  the  nature 
of  this  processing  and  of  the  final  product. 
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Introduction 

The  antigen  receptor  of  T  lymphocytes  (TCR)  confers  antigen  specificity  and 
MHC  restriction  to  T-cell  response  to  antigen.  The  TCR  is  a  heterodimer 
composed  of  a  and  fi  or  y  and  <5  chains,  all  of  which  have  variable  NHi-terminal 
domains  encoded  by  V.  J  or  V.  D.  J  gene  regions  1 1],  Nearly  all  T-cells  bearing 
particular  V(3  regions  on  their  TCR  are  stimulated  by  some  antigens  such  as 
pathogenic  bacterial  toxins  and  self  antigens  involved  in  autoimmune  responses 
[21.  These  antigens  termed  superantigens  provide  a  tool  in  the  investigation  of 
the  structure-function  of  molecular  recognition.  In  order  to  identify  putative 
sites  on  the  V/3  region  which  bind  the  superantigen,  the  MMTV  encoded  minor 
lymphocyte  stimulating  gene  (Mls-13).  wc  have  synthesized  a  series  of  peptides 
of  \'(ib.  The  peptides  of  the  variable  region  correspond  to  the  proposed  solvent- 
exposed  d-pleated  sheet  of  the  d  chain  |3[.  Wc  have  used  these  peptides  to 
inhibit  the  activation  of  T-cell  hvbridomas  which  bear  V/36  on  their  TCR  and 
which  react  with  the  superantigen  Mls-13. 

Results  and  Discussion 

T-cell  hvbridomas  B2,  B4,  B5  and  BU  are  V/i6  +  ve,  and  B9  is  V/38  +  ve 
(4|.  All  of  the  above  hvbridomas  are  specific  for  Polv-18 ,  PolyEYKfEYAk,  and 
are  restricted  to  l-AJ  Class  II  MHC  molecules;  they  are  also  crossreactive  to 
Mls-l3  [5].  Mls-1*  activates  most  T-cells  bearing  V/36.  V/38.1.  and  V/39  on  their 
TCRs.  We  tested  the  ability  of  peptides  which  bind  I-A  and  of  peptides  of 
the  V'd 6  of  the  TCR  to  block  recognition  by  these  hvbridomas  of  Mls-13. 
Ovalbumin  (OVA)  and  hen  egg  lysozyme  (HEL)  bind  Ciass  II  MHC  molecules, 
and  can  competitively  displace  other  nominal  antigens  from  the  peptide-binding 
groove  of  I-A  [6.7],  At  100  pg/mL,  OVA  and  HEL  do  not  inhibit  the  activation 
ot  the  T-cell  hybridoma.  Bi  1,  measured  as  the  production  of  interieukin-2,  which 
is  released  by  T-cells  upon  activation  (Table  1).  (Concentrations  higher  than 
100  pg/mL  were  toxic  to  the  T-cell  hvbridomas.)  From  this  it  can  be  inferred 
that  cither  Mis  does  not  occupy  the  antigen  binding  groove  of  I-A  or  that  Mis 
binds  to  1-A  with  a  much  greater  affinity  than  either  OVA  or  HEL.  Inhibition 
ot  activation  by  V/36  peptides  supports  the  former  conclusion. 

At  non-toxic  concentrations  (160  pg/mL),  peptides  V  (36(1-20).  V/36(48-75). 
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Table  1  Percent  inhibition  of  response  to  Mls-la  by  V/36  peptides a 


Peptide 

T-cell  hybridoma 

B2 

V/36  +  ve 

B4 

V/36  +  ve 

B5 

V/36  +  ve 

Bll 

V/36  +  ve 

B9 

V/38  -1-  ve 

OVAc 

NT 

-140" 

10 

10 

-60 

HEL 

NT 

-100 

15 

-55 

-63 

V/36(l-20) 

37 

55 

35 

56 

-18 

V/36(32-48) 

-45 

NT 

-23 

-150 

-127 

V  /36<  39—603 

-26 

NT 

16 

42 

-20 

V/36( 48-75) 

57 

90 

57 

31 

-9 

V/36(58-75) 

64 

NT 

48 

50 

-20 

J  T-cell  hvbridomas  were  stimulated  in  microtiter  wells  with  irradiated  spleen  cells  from  DBA/ 
2  mice  (H-2d,  Mls-la)  in  the  presence  or  absence  of  peptide.  After  24  h  IL-2  production  was 
determined  by  the  ability  ol  the  test  supernatant  to  support  the  growth  of  an  IL-2  dependent 
T-celt  line,  CTL-L. 


b  Percent  inhibition  Proc*ucec*  w'th°ut  peptide  -  IL-2  produced  with  peptide 

IL-2  produced  without  peptide 

c  Concentrations  of  peptides  were  as  follows:  HEL  and  OVA  400  pg/mL,  and  V/36  peptides  160 
pg/mL. 


and  V 06(58-75)  can  inhibit  the  activation  of  the  four  V/36  +  ve  T-cell  hvbridomas. 
B2,  B4,  B5  and  Bll  (Table  1).  V/36(39-60)  also  inhibits  one  hybridoma,  B 1 1 . 
but  not  B2.  B4  or  B5.  This  may  reflect  a  difference  in  affinity  of  the  TCR 
of  Bll  for  Mls-la  from  that  of  the  other  hvbridomas.  The  enhanced  response 
to  Mls-la  in  the  presence  of  V/36(32-48)  may  be  due  to  a  stabilizing  effect  this 
peptide  may  have  on  the  binding  of  the  TCR  to  Mls-la  and/or  MHC.  None 
of  the  peptides  inhibited  the  activation  of  the  V/38  +  ve  T-cell  hybridoma.  B9. 
We  propose  that  these  V/36  peptides  can  bind  directly  to  the  MHC-Mls  complex. 
Once  the  peptides  are  associated  with  MHC  and/or  Mis.  the  binding  of  the 
V/36  +  ve  TCR  to  the  MHC-Mls  complex  is  retarded.  Thus  peptides  derived 
from  the  variable  region  of  the  TCR  can  regulate  the  functional  response  of 
T-cells  during  recognition  of  superantigen. 

The  peptides  V/36(  1-20),  V>36(48— 75),  and  V 06(58-75)  cannot  inhibit  activation 
of  Bll  by  (EYA)5,  a  peptide  derived  form  Poly-18  (data  not  shown),  indicating 
that  the  recognition  by  TCR  of  Mis  is  different  from  the  classical  MHC  restricted 
recognition  of  antigens.  Based  on  homology  to  immunoglobulins  [3],  the  three 
peptides  correspond  to  a  region  outside  the  area  of  the  TCR  proposed  bind 
to  antigen  in  the  context  of  MHC  molecules.  They  comprise  a  portion  of  the 
0-pleated  sheet  which  is  not  involved  in  recognition  of  nominal  antigen  nor 
associates  with  the  a  chain.  From  this,  we  conclude  that  the  TCR  has  two 
separate  sites  for  molecular  recognition,  one  for  nominal  antigen  in  the  context 
of  MHC,  and  another  for  superantigens. 

To  investigate  the  potential  of  V0  peptides  to  modulate  autoreactive  immune 
responses  in  vivo,  these  peptides  are  also  being  used  to  immunize  and  generate 
anti-V06  peptide  T-cells.  Autoreactive  anti-V06  peptide  T-cells  can  be  generated 
in  mice  which  express  V/36  as  well  as  in  those  which  do  not  express  V/36.  V/36 
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Table  2  Response  to  V06  peptides  after  immunization a 


Peptide 

BALB/C 

H-2A  M)s-Jb.2a 

DBA/2 

H-2A  Mls-lJ.2a 

CBA/CaJ 

Fi-2k;  Mls-Ib,2b 

CBA/J 

H-2k;  Mls-la,2a 

V/?6(l-20) 

++ 

+  /- 

_ 

- 

V/36(32-48) 

4* 

4- 

- 

- 

V/36<  39-60) 

- 

- 

- 

- 

V(36(48-75) 

+++ 

+++ 

+++ 

V(36(58-  75) 

4- 

+  +  -C 

-f'-h 

4- 

1  Mice  were  immunized  in  the  footpad  with  50  yig  of  peptide  immulsified  in  Complete  Freund's 
Adjuvant.  Eight  days  later  a  suspension  ol  lymphocytes  prepared  from  the  draining  popliteal 
lymph  nodes  was  purified  over  nylon  wool  columns.  Purified  lymphocytes  were  stimulated  in 
microtiter  wells  with  90  jiM  of  peptide  in  the  presence  of  APC.  After  4  days  stimulation  each 
well  was  pulsed  for  IX  h  with  I  yCi  of  ‘H-Thvmidine.  and  incorporation  of  'H-Thymidine  was 
measured. 


is  deleted  in  most  strains  of  mice  which  express  Mls-L1 2 * 4 5 6 7 8  [8].  Table  2  shows  the 
response  after  immunization  with  various  peptides  of  V/36  in  four  strains  of 
mice,  two  of  which  (BALB/C  and  CBA/CaJ)  express  Mis- lh  and  so  have  V/J6  4-  ve 
T-cells  and  two  of  which  (DBA/2  and  CBA/J)  express  Mls-la  and  so  do  not 
have  V/36  +  ve  T-cells.  V/36(39-60)  is  not  immunogenic  in  any  of  the  four  strains 
of  mice  tested,  and  V /36(  1 —20)  and  V/36(32-48)  are  not  immunogenic  in  the 
strains  expressing  H-2k,  a  haplotype  of  MHC.  However,  V/J6(l-20)  and  V/36(32- 
48)  illicit  T-cell  responses  in  strains  expressing  H-2d,  and  V >36(48—75)  and  V/36(58- 
75)  illicit  T-cell  responses  in  the  four  strains  tested.  Since  V/36  is  expressed  by 
5— 109c  of  the  T  lymphocytes  of  BALB/C  and  CBA/CaJ.  these  anti-V/36  peptide 
responses  are  by  definition  autoreactive  and  have  the  potential  to  regulate 
autoreactive  immune  responses  in  vivo.  We  show  that  some  TCR  V (3  peptides 
are  indeed  immunogenic  in  syngeneic  mice.  We  are  characterizing  the  response 
to  Mls-lJ  by  V/36  +  ve  T-cells  in  the  presence  of  autoreactive  anti-V/36  peptide 
T-cells  to  identify  regulatory  effects  on  the  immune  response. 
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Introduction 

The  hypervariability  ot  the  gpl20  envelope  protein  principal  neutralizing 
domain,  the  V3  loop,  represents  a  major  problem  in  the  design  of  vaccines 
against  HIV-1.  In  this  region,  differences  as  high  as  50%  can  be  found  between 
isolates.  Recombinant  proteins  and  peptides  derived  from  different  isolates  have 
been  shown  to  induce  mostly  HIV-1  subtype-specific  neutralizing  antibodies. 
Broadly  reactive,  neutralizing,  antibodies  have  been  obtained  using  discrete 
mixtures  of  different  peptides  or  hybrid  V3-pepiides.  However,  even  though 
some  cross-reactivities  may  be  expected  [1],  point  mutations  giving  rise  to  new 
variants  escaping  neutralization  are  still  likely  to  occur. 

An  ideal  solution  for  a  vaccine  would  be  to  recruit  simultaneously  the  broadest 
part  of  the  immune  repertoire  capable  of  recognizing  not  only  the  known  isolates 
but  also  the  highest  possible  number  of  escaping  mutants. 

Results  and  Discussion 

I)  Design  and  synthesis  of  a  mixotope:  Using  SPPS,  we  have  prepared  during 
a  single  synthesis  a  mixture  ot  V3-reiated  peptides  of  22  to  25  residues,  by  coupling 
simultaneously  in  each  degenerate  position  the  most  probable  amino  acids, 
arbitrarily  defined  as  having  a  percent  occurrence  higher  than  7%  according 
to  the  data  published  by  Putney  [2], 

The  construction  (Fig.  1),  that  we  propose  to  name  'mixotope',  contains  around 
7.5  x  105  different  combinative  peptides,  among  which,  statistically,  53%  have 
more  than  68%  homology  with  any  given  individual  sequences  contained  in 
the  mixture.  Our  hypothesis  was  that  antibodies  exhibit  a  much  broader 
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Fig.  I.  Composition  of  the  mixotope. 
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D23  D45  bleeding  D23  045 

□  MIXOnrDPE  ■  BRU  ■  MN  QSF2QRF  ■  EU 


Fig.  2.  ELISA  liters  of  rabbit  sera,  determined  on  the  mixotope  and  Jive  individual  VJ  peptides; 
rabbits  were  immunized  with  the  mixotope  alone  or  with  the  mixotope/ tetanus  toxoid. 

recognition  pattern  than  usually  considered,  being  able  to  tolerate  variations 
in  some  positions.  For  the  immune  system,  this  mixture  of  7.5  x  105  closely  related 
molecular  species  would  therefore  be  considered  as  a  less  complex  mixture. 

Moreover,  when  used  as  immunizing  antigen,  the  mixotope  may  favor  to  some 
extent  the  degeneracy  of  the  immune  response,  enlarging  the  diversity  of  antibody 
produced  towards  recognition  of  interrelated  peptides,  corresponding  to  most 
‘possible’  mutated  sequences  of  the  neutralizing  domain. 

2)  Mixotope  induces  a  broadly  reactive,  but  specific,  antibody  response:  Antisera 
were  raised  in  rabbits  to  the  mixotope,  alone  or  conjugated  to  a  carrier  protein 
(tetanus  toxoid).  ELISA  titers  were  determined  against  the  mixotope  itself  and 
against  five  different  V3  peptides  (Figs.  2  and  3). 

Significant  titers  against  both  the  mixotope  and  four  of  the  individual  peptides 
were  obtained.  However,  the  specificity  of  these  broadly  cross-reactive  antibody 
response  was  confirmed  by  the  absence  of  reaction  observed  when  testing  the 
most  divergent  V3  peptide. 

In  a  Western  immunoblot  assay,  using  all  separated  native  polypeptides  from 
HIV-1  III-B  isolate,  rabbit  anti-mixotope  antibodies  recognized  exclusively  the 
gpl2Q  protein. 

Immunofluorescence  studies  showed  that  anti-mixotope  antibodies  recognized 
the  human  monocyte  U937  cell  infected  with  the  HIV  IIl-B  isolate,  but  not 
uninfected  U937  cells;  control  antibodies  bound  neither  to  infected  nor  uninfected 
cells. 

3)  HIV- 1  neutralization:  Antibodies  from  rabbit  immunized  against  the  carrier- 
conjugated  mixotope  were  able  to  prevent  the  productive  infection  of  the  Molt 
4  human  CD4+  T-cell  line  by  the  HTLV-III  B  isolate  of  HIV-1.  Antibodies 
had  a  neutralizing  effect  up  to  a  dilution  of  I  / 1000,  whereas  rabbit  control 
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BRU:  TRPNNNTRKSIRIQRGPGRAFVTIGKIGNMRQAHC, 

MN:  TRPNYNKRKRIHIGPGRAFYTTKNIIGTIRQAHC, 

SF2:  TRPNNNTRKSIYIGPGR  AFHTTGRUGDIRKAHC, 

RF:  TRPNNNTRKSITKGPGRVI YATGQIIGDIQKAHC, 

ELI:  ARPYQNTRQRTPIGLGQSLYTTRSRSIIGQAHC 

Fig.  3.  Composition  of  five  V3  peptides:  residues  in  bold  are  represented  in  the  mixture. 

antibodies  had  no  effect  at  1/50  dilution.  Antibodies  were  also  tested  on  the 
human  CD 4+  monocytic  cell  line  U937  and  showed  the  same  neutralizing  effect. 
Surprisingly,  antibodies  obtained  following  immunization  with  the  free  mixotope. 
although  showing  the  same  ELISA  titers  against  the  mixotope  and  the  individual 
V3  peptides  than  antibodies  obtained  after  immunization  with  the  carrier- 
conjugated  mixotope,  did  not  bind  to  HIV-infected  cells  and  showed  no  significant 
neutralizing  effect.  These  data  also  imply  that  an  HIV-1  vaccination  strategy 
based  on  the  use  of  the  mixotope  may  require  the  use  of  a  conjugated  mixotope. 
In  this  context,  a  HIV-1  protein  with  low  variability,  such  as  the  gag  or  pol 
protein  might  represent  an  optimal  carrier  for  the  mixotope. 

The  potential  interest  of  the  mixotope  approach  is  not  limited  to  the  V3  loop 
of  HIV-1  gpl20,  but  should  allow  to  focus  vaccine  strategies  on  the  most  variable 
epitopes  of  other  pathogens,  which  until  now  had  to  be  avoided  in  approaches 
using  strictly  defined  immunogens. 
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Introduction 

In  the  conventional  approach  to  synthetic  vaccines,  peptide  antigens  coupled 
to  a  high  molecular  weight  protein  in  combination  with  adjuvant  such  as  complete 
Freund’s  adjuvant  are  administrated  as  a  heterogeneous  mixture.  Unfortunately, 
such  a  preparation  is  not  suitable  for  human  use  due  to  undesirable  side  effects. 
To  overcome  this  deficiency  that  hampers  the  progress  to  synthetic  vaccines, 
we  investigated  a  novel  approach  to  develop  a  complete  peptide-based  synthetic 
vaccine  with  a  built-in  adjuvant.  We  covalently  linked  to  a  multiple  antigen 
peptide  (MAP)  [1]  a  potent  B  cell  and  macrophage  activator,  tripalmitoyl-S- 
glyceryl  cysteine  (P3C)  (2,3]  (Fig.  1).  Moreover,  we  also  used  this  new  construct 
liposomes  which  have  been  shown  to  improve  the  immune  response  [4], 

We  chose  as  a  model  the  peptide  308-331  (NNTRKSIRIQRGPGRAFVTIG- 
KIG)  which  is  part  of  the  principal  neutralizing  determinant  located  in  the  V, 
loop  of  gpl20  of  the  human  immunodeficiency  virus  type  1,  IIIB  strain. 

Results  and  Discussion 

The  e-amino  group  of  lysine  was  used  to  link  the  P,C  on  the  carboxyl  end 
of  the  MAP.  We  first  synthesized  the  N"-Fmoc-NcP,C-lysine.  After  coupling 
of  this  modified  residue  to  a  hydroxymethyl  resin,  completion  of  the  synthesis 
of  the  MAP-P1C(308-33l)  was  performed  in  a  stepwise  procedure  using  Fmoc 
chemistry.  Assays  using  mouse  spleen  cells  showed  that  the  mitogenic  activity 
was  found  in  the  MAP-P1C(308-331). 
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Fig.  I.  General  structure  ol  a  MAP-PiC. 
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Liposomes,  composed  of  egg  lecithin,  cholesterol  and  stearvlamine  in  a  molar 
ratio  of  7:2:  1,  were  prepared  by  sonication  [5].  The  results  showed  that  the 
palmitic  acids,  constitutive  of  the  P;C.  greatly  enhanced  incorporation  of  the 
MAP-P,C  into  the  liposomes.  Whereas  only  2  to  5rf  of  MAP  308-331  were 
incorporated  into  the  liposomes,  it  was  possible  to  incorporate  up  to  80r('  of 
MAP-P,C(  308-331). 

Two  groups  ot  mice  and  guinea  pigs  were  immunized  intraperitoncally  or 
subcutaneously  with  the  tree  M  A  P-P -.(.'( 308-33 1 )  or  entrapped  into  liposomes. 
Sera  were  tested  in  ELISA  assays  against  the  MAPI 308-331)  and  gpl20  antigens. 
In  the  guinea  pig  model,  the  two  groups  of  animals  injected  either  with  the 
tree  or  entrapped  MAP-PiC{308-331)  into  liposomes  elicited  a  similar  antibody 
titer.  In  the  mouse  model,  after  three  injections,  the  antibody  titer  was  higher 
for  animals  immunized  with  the  entrapped  MAP-P,C( 308-331). 

After  stimulation  in  vitro  with  the  MAP(308-331)  lvmphocvtes  from  the  mice 
immunized  either  with  the  tree  MAP-P,C(308-331)  or  entrapped  into  liposomes 
were  able  to  lyse  target  cell  P815  sensitized  with  the  MAP(308-331)  or  infected 
with  a  recombinant  Vaccinia  virus  expressing  the  HIV-1  surface  envelope  protein. 

In  summary,  a  new  strategy  to  produce  chemically  unambiguous  synthetic 
vaccine  with  built-in  adjuvant  is  described.  We  were  able  to  raise  antibodies 
against  the  MAP( 308-331)  and  gpl20.  and  to  induce  a  cytotoxic  T-lymphocytc 
activity. 
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Introduction 


To  mimic  infectious  agents  which  induce  high  antibody  response  in  hosts, 
a  synthetic  vaccine  that  contains  multiple  antigenic  peptides  (MAP)  with 
preformed  lipid  anchor  (lipoMAP)  incorporated  into  liposomes  is  constructed 
(Fig.  1).  Such  a  peptide  vaccine  mimetic  is  structurally  unambiguous  and 
conceptually  similar  to  infectious  agents  that  present  peptide  antigen  on  the 
surface  of  lipid  bilayer  vesicles. 


Fig.  1.  LipoMAP. 


MAP  peptide , 

MAP-core  ■ 
linker  _ 


lipid-core  Jjf]  | 
lipid  anchor 4  Am 


Results  and  Discussion 


The  lipoMAPs  were  synthesized  by  SPPS  using  the  combination  of  Boc  and 
Fmoc  strategies.  LipoMAPs  were  incorporated  into  liposomes  with  the  detergent- 
dialysis  method  [1],  This  approach  was  used  as  a  synthetic  vaccine  against  HIV- 
1,  and  the  peptide  part  of  lipoMAP  is  KSIRIQRGPGRAFVTIGK  (B2). 

As  a  model,  LipoMAP  I  (Fig.  2)  was  designed.  Its  MAP  core  consists  of 
(3-Ala-Lys  (instead  of  conventional  Lys  [2])  whose  two  amino  ends  have  the 
equal  lengths,  and  allow  peptides  freely  rotate  to  reduce  the  interaction  between 
peptides  and  the  surface  of  liposome.  The  linker  or  spacer  consists  of  Ser-Ser. 

PeP  W/\ 

Pep-|}-Ala'  Pal  p,al  p,al 

P»P  WN  Lys-Se''Sw-LVS'D-Lys-l-ys-Ala 

P«p-Mla'LyS 

Fig.  2.  LipoMAP  I. 
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F-g.  J.  Specific  antibody  response  by  immunization  with  lipo.MAP  (O.D.  measured  bv  ELISA) 

The  lipid  core  is  made  up  of  Lys  whose  side  chains  contain  palmitic  acids. 
From  molecular  modeling,  these  Lys  residues  in  the  lipid  core  are  best  positioned 
in  alternating  chirality  (u  or  l).  so  that  the  lipid  anchors  are  in  parallel  orientation 
required  for  inserting  into  liposome  membrane.  For  comparison,  lipoMAP  II 
with  unsymmetrical  MAP  core  (Lys)  and  III  with  linker  Ser-D-Ser  were  syn¬ 
thesized.  Immunological  results  in  mice  are  shown  in  Fig.  3.  LipoMAP  I  in 
liposome  (I/lip)  elicited  a  significantly  high  response,  while  all  lipoMAP  alone 
and  II  and  III  in  liposome  gave  a  low  response.  These  results  imply  that  lipoMAPs 
may  require  a  specific  comformation  to  present  peptide  on  the  surfaces  of 
liposomes. 

Since  the  core  of  lipoMAP  comprises  one  or  more  long  alkyl  chain  amino 
acids  (LACA),  this  ‘LACA-MAP’  provides  flexibility  to  the  design  and  synthesis. 
The  incorporation  yields  of  the  analogs  of  I  containing  0  to  4  lipid  anchors 
in  liposome  were  determined  by  AAA.  The  results  (Fig.  4)  show  that  good 
lipid  anchoring  is  achieved  by  these  analogs  with  3  or  more  long  alkyl  chains. 


Fig.  4.  Incorporation  yields. 


Number  of  anchors 
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Introduction 

These  syntheses  of  V,(l-63)  and  Vif(l-68)  of  murine  myeloma  McPC603 
represent  the  first  automated  stepwise  syntheses  of  an  antigen-binding  variable 
region.  A  previous  synthesis  of  VH(  16-68)  was  performed  via  fragment  con¬ 
densation  [I],  Stepwise  synthesis  of  the  VL  region  of  another  antibody,  MOPC 
315,  gave  a  small  amount  of  binding  activity  [2].  The  VH(l-68)  and  VL(l-63) 
fragments  targeted  in  this  synthesis  each  contain  two  out  of  the  three  hypervariable 
loops  thought  to  be  responsible  for  the  specificity  of  the  antibody  (Fig.  1)  [3]. 
Anticipated  synthetic  problems  arose  from  the  length  of  the  proteins  (68  and 
63  amino  acids)  and  the  extreme  hvdrophobicitv  and  basicity  of  the  products. 
The  stepwise  strategy  avoids  problems  of  solubility  and  purification  encountered 
in  the  fragment  approach. 

Results  and  Discussion 

The  proteins  were  synthesized  on  an  Applied  Biosystems  430A  peptide 
synthesizer  by  double-coupling  at  each  step.  The  programs  were  re-written  to 
allow  direct  DCC  coupling  in  the  first  step,  followed  by  in  situ  preformed 
symmetric  anhydride  coupling.  Glutamine,  asparagine  and  arginine  were  coupled 
as  HOBT-esters.  To  avoid  aggregation  during  the  synthesis,  the  resin  loading 
was  kept  low  (0.02-0.03  mmol/g).  The  synthesis  of  the  VH(l-68)  was  monitored 
after  rounds  14,  25,  28,  33,  45,  and  57  by  AAA.  No  significant  deviations  from 
the  expected  values  were  obtained  up  to  round  45.  Monitoring  of  the  synthesis 
of  V,  ( 1—63)  by  AAA  after  rounds  12,  18,  27,  39,  and  50  gave  close  to  theoretical 
values.  The  products  were  cleaved  from  the  resin  using  the  low-high  HF  procedure 
[4],  A  PAM  resin  successfully  prevented  acid-catalyzed  chain  loss  during  the 
synthesis  (^2%).  Scavengers  were  immediately  removed  from  the  crude  protein 
by  gel  filtration  in  10%  HOAc.  The  products  were  first  purified  by  gel  filtration 
of  cysteine  dimers  in  4  M  urea.  Further  purification  was  provided  by  cation 
exchange  in  4  M  urea,  eluted  with  an  acetic  acid  gradient,  and  preparative  Cix 
RPHPLC.  The  products  were  characterized  by  capillary  electrophoresis  on 
Supelco  Crcoated  capillaries.  Gel  electrophoresis  in  SDS  showed  bands  at  the 
correct  molecular  weight,  and  the  dimeric  molecular  weight.  Isoelectric  focusing 
gave  extremely  basic  (pi  =  9.4)  values  for  both  heavy  and  light  chain  fragments. 
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Fig.  1.  Structure  of  variable  region  fragments  based  on  the  crystal  structure  of  Fab  fragments  /  3] 

which  is  consistent  with  that  expected  from  the  sequences. 

Previous  studies  showed  that  purified  native  antibody  chains  and  Fv  fragments 
combine  with  complementary  synthetic  variable  region  fragments  to  give  hybrids 
with  similar  binding  specificity  to  the  native  protein  [1.2].  To  fully  characterize 
the  binding,  it  was  necessary  to  isolate  the  smaller  Fab  fragments  of  the  native 
antibody.  These  Fab  fragments  were  tested  for  binding,  their  heavy  and  light 
chains  separated  and  then  recombined  with  the  synthetic  material.  Pepsin  cleavage 
to  obtain  Fab  fragments  must  be  performed  immediately  following  isolation 
of  the  antibody.  Following  purification  by  gel  filtration  and  isolation  on  a 
phosphocholine-  Sepharose  4B  affinity  column.  Fab  light  and  heavy  chains  were 
separated  by  gel  filtration. 

The  synthesis  gave  good  yields  of  a  slightly  heterogeneous  product.  Purification 
to  homogeneity  as  measured  by  gel  electrophoresis,  HPLC  and  capillary  elec¬ 
trophoresis  was  possible  with  loss  of  product.  A  comparison  of  the  recombinants 
from  the  native  and  synthetic  partners  was  achieved  by  affinity  chromatography. 
Difficulty  in  folding  and  recombination  to  give  good  binding  activity  is  attributed 
to  aggregation,  or  perhaps  incorrect  folding. 
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Introduction 

The  transforming  gene  of  Abelson  murine  leukaemia  virus,  v-abl,  codes  for 
fibroblast-transforming  and  tyrosine-protein  kinase  (TPK)  activities  reside  within 
a  43  kDa  protein  (p43v  a6/)  [1].  Since  the  cellular  substrates  for  p43v  aW  have 
yet  to  be  identified,  we  synthesized  by  the  classical  solution  methods  the 
octapeptide  H-Gly-Asp-Thr-Tvr-Thr-Ala-His-Ala-OH.  corresponding  to  the 
structural  sequence  of,  the  main  putative  autophosphorylation  site  (Tyr515)  of 
the  v-abl  TPK,  as  well  as  some  of  its  analogs  modified  in  position  -2,  -1,  +  1 
and  -f  3  (Table  1,  compounds  1-9). 

Results  and  Discussion 

The  synthetic  peptides  were  tested  as  substrates  for  the  p43vaW.  The  kinetic 
constants  reported  in  Table  1  were  compared  with  those  of  other  Tvr-containing 
pep*  'es  differing  in  the  number  and  sequence  of  amino  acid  residues  [2].  The 
data  obtained  indicate  as  expected  that  the  rate  of  their  phosphorylation  vary 
considerably  depending  on  the  sequence  of  the  peptide  and  the  position  of  the 
tyrosine  residue  within  the  peptide.  As  a  rule,  no  significant  increment  of  the 
efficiency  results  from  each  replacement  in  the  natural  sequence.  Surprisingly, 
on  the  contrary,  all  the  octapeptide  sequences  are  not  as  good  substrates  as 
other  pentapeptides  or  non-specific  substrates  (compounds  20-22).  These  data 
can  be  interpreted  as  the  lack  of  sufficient  determinant  sites  in  the  octapeptide 
sequence.  Therefore,  the  synthesis  of  N-  and  C-terminal  extended  peptides 
including  the  basic  residues  Arg508  and  Lys522  are  planned.  AAYAA,  EEYAA, 
AEYAA,  EAYAA,  AYA  and  EYA,  it  turns  out  that  the  presence  of  N-terminal 
acidic  residues  (the  one  adjacent  to  tyrosine  being  especially  effective)  is  a  positive 
determinant  for  the  phosphorylation  of  p43v  o,’/.  For  this  reason,  the  synthesis 
of  Glu514  modified  octapeptides  are  planned. 

Moreover.  Tinker  et  al.  [3]  have  reported  that  peptides  with  tendencies  to 
form  /J-turns  may  be  recognized  as  substrates  by  a  TPK  from  the  leukaemia 
virus  transformed  lstra  cell  line,  suggesting  that,  in  addition  to  the  primary 
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Table  1  Kinetic  constants  of  synthetic  peptides  for  v-ablTPKa 


Km  (mM) 

Vmax  (pmol/min) 

Vmax/Km 

1 

gdtytaha 

4,7 

3.7 

0.8 

2 

GATYTAHA 

14.7 

4.3 

0.3 

3 

GDTYTAAA 

11.1 

4.7 

0.4 

4 

GATYTAAA 

13.3 

6.5 

0.5 

5 

GDAYAAHA 

1.5 

1.5 

1.0 

5 

gdtytaea 

1.6 

3.3 

0.2 

7 

GETYTAEA 

16.4 

3.0 

0.2 

8 

GKTYTAHA 

0.8 

0.8 

1.0 

9 

GKTYTAKA 

13.3 

2.2 

0.2 

10 

AEYAA 

2.3 

18.6 

8.1 

11 

NEYAA 

3.2 

2.5 

0.8 

12 

EAYAA 

7.1 

8.3 

1.2 

13 

EEYAA 

1.9 

7.5 

3.9 

14 

AAYAA 

4.7 

3.0 

0.6 

15 

EYAA 

6.7 

0.7 

0.1 

16 

AYAA 

8.5 

4.4 

0.5 

17 

AYA 

13.3 

0.8 

0.1 

18 

EYA 

4.5 

2.0 

0.4 

19 

EYH 

3.7 

1.0 

0.3 

20" 

DRVY1HPF 

2.0 

7.0 

3.5 

21k 

RRLIEDNEYTARG 

0.9 

10.8 

12.0 

22" 

RRLIEDAEYAARG 

0.6 

8.3 

13.8 

Km  and  Vmax  values  were  determined  by  double-reciprocal  plots,  constructed  from  initial-rate 
measurements  fitted  to  the  Michaeiis-Menten  equation. 
b  Obtained  from  Sigma  Chemical  Co. 


structure,  conformational  factors  may  play  a  function  in  substrate  specificity 
requirements.  The  correlation  between  secondary  structure  of  our  synthetic 
octapeptides  and  their  substrate  recognition  by  p43v'flW  was  studied  using  CD 
and  fluorescence  spectroscopy  in  5  mM  Tris,  in  98%  TFE/Tris  and  in  30  mM 
SDS  solutions.  The  preliminary  comparison  of  the  spectroscopic  and  confor¬ 
mational  data  with  the  kinetic  parameters  of  the  phosphorylation  suggest  that 
the  conformational  properties  of  these  peptides  play  only  a  marginal  enzymatic 
role. 
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Introduction 

Intercellular  adhesion  molecule- 1  (ICAM-1)  is  a  505-residue  glycoprotein 
localized  on  endothelial  cells.  ICAM-1  is  a  ligand/receptor  for  lymphocyte 
function-associated  antigen-1  (LFA-1),  located  on  the  cell  surface  of  leukocytes. 
LFA-1  promotes  intercellular  adhesion  in  inflammatory  and  immunological 
responses  [1J.  The  extracellular  region  of  ICAM-1  is  predicted  to  contain  Five 
immunoglobulin-like  domains  [2].  We  wished  to  investigate  the  role  of  various 
immunoglobin  segments  in  mediating  cell  adhesion  and  prepared  31  peptide 
segments  representing  the  entire  extracellular  domain  of  ICAM-1.  Regions  of 
ICAM-1  important  in  governing  the  adhesion  of  Molt-4  cells  to  TNF  stimulated 
human  umbilical  vein  endothelial  cells  (HUVEC)  were  investigated  by  evaluating 
Molt-4/HUVEC  attachment  in  the  presence  of  the  peptide  segments.  The  results 
show  that  segments  representing  residues  1-20,  26-50.  40-64,  88-107,  132-146, 
345-375  and  393-403  appear  to  inhibit  cell  adhesion.  These  segments  are  located 
in  the  proposed  immunoglobulin-like  domains  1  and  4. 

Results  and  Discussion 


Peptides  were  assembled  by  SPPS  utilizing  DCC/HOBT  coupling  and  Boc/ 
benzyl  protection  scheme  on  p-MBHA  resins.  The  N-terminus  of  each  peptide 
was  acetylated  with  acetic  anhydride.  The  peptides  were  globally  deprotected 
and  cleaved  from  the  resins  using  anhydrous  HF  with  10%  anisole  at  ~10°C 
for  30  min.  The  resulting  N-terminal  acetylated,  C-terminal  amidated  peptides 
were  purified  using  Cm  RPHPLC  to  a  greater  than  96%  purity.  The  peptides 
were  characterized  by  AAA  and  FABMS. 


Table  1  Peptide  activity  in  Moh-4/HUVEC  assay 


Amino  acid 

Sequence 

Observed  inhibition 
(100  iuM) 

1-20 

QTSVSPSKVILPRGGSVLVT 

20 

26-50 

DQPKLLGIETPLPKKELLLPGNNRK 

20 

40-64 

KELLPGNNRKVYELSNVQEDSQPM 

35 

40-51 

KELLPGNNRKV 

35 

46-58 

GNNRKVYELSNVQ 

10 

52-64 

IYELSNVQEDSQPM 

15 

211-236 

SLDGLFPVSEAQVHLALGDQRLNPTV 

0 

345-375 

SATLEVAGQL1HKNQTRELRVLYGPRLDERD 

30 
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ICAM-1  was  upregulated  on  HUVEC’s  by  incubating  the  cells  with  TNF 
for  16  to  18  h.  Tritium-Molt-4  cells  were  preincubated  with  peptide  for  15  min, 
then  the  mixture  was  added  to  the  HUVEC  monolayer  and  incubated  for  1  h. 
The  monolayer  is  washed  with  RPMI-HEPES,  the  cells  lysed  and  the  lysates 
transferred  to  scintillation  vials  for  3H  counting. 

Table  1  is  a  partial  list  of  cell-cell  adhesion  assay  results.  Our  data  and  data 
from  site-directed  mutagenesis  [3]  have  shown  that  the  first  2  domains  contribute 
greatly  to  adhesion  to  LFA-1.  The  most  effective  inhibitors  in  our  series  of 
compounds  are  located  in  domain  1.  with  1CAM  (40-64)  showing  a  maximum 
inhibition  of  35?f.  Smaller  sequences  of  this  peptide  were  synthesized  and  the 
12-residue  peptide  ICAM  (40-51)  showing  a  maximum  inhibition  of  359f.  These 
results  indicate  that  the  12-residue  segment  ICAM  (40-51)  may  be  important 
in  mediating  the  cell  to  cell  adhesion  of  ICAM-1  to  LFA-1. 
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introduction 

Two  commonly  used  methods  to  predict  linear  T-cell  epitopes  are  those  of 
Rothbard  and  Taylor  [l|  and  Berzofskv  [2].  In  both  approaches,  a  secondary 
structure  for  T-cell  epitopes  (specifically  an  amphipathic  a-helix)  is  inferred  or 
implied.  However,  there  is  no  attempt  in  either  method  to  actually  determine 
the  stability  of  any  secondary  or  three-dimensional  structure.  The  relative  stability 
ot  different  peptides  as  a-helices  may  be  important  in  predicting  new  T-cell 
epitopes  as  there  is  some  evidence  that  a  T-cell  epitope  is  an  a-helix  when  bound 
to  a  Class  II  histocompatibility  molecule  [3.4J. 

Results  and  Discussion 

Preliminary  work  has  been  completed  on  five  proteins  for  which  T-cell  epitopes 
have  been  identified:  pilin  protein  CFA/I.  hen  egg  white  lysozyme,  staphylococcal 
nuclease,  pigeon  cytochrome  e.  and  sperm  whale  myoglobin.  Calculations  were 
performed  on  a  Silicon  Graphics  4D/25G  Personal  Iris  using  the  QUANTA 
molecular  graphics  analysis  program  and  the  CHARMm  molecular  modeling 
program  (Polygen  Corporation.  Waltham,  MA).  The  primary  sequence  of  each 
protein  is  divided  into  fragments  20  residues  long  overlapping  every  10  residues. 
Each  fragment  is  then  modeled  successively  into  a  right-handed  a.  a  left-handed 
a,  a  3-10,  and  a  proline- 1  helix,  and  each  is  subjected  to  a  brief  energy 
minimization  to  relieve  any  steric  clashes  and  other  unfavorable  interactions. 
The  resulting  conformation  is  considered  the  starting  structure  for  that  model 
fragment.  Each  starting  structure  is  then  subjected  to  a  300-step  heating  cycle 
to  300  K,  followed  by  a  300-step  equilibration  cycle,  and  followed  by  a  1000- 
step  molecular  dynamics  simulation  without  solvent  and  with  a  relative  dielectric 
constant.  At  the  conclusion  of  the  dynamics  simulation,  the  lowest  energy 
conformation  is  selected  and  compared  to  the  starting  structure  using  a  root- 
mean-square  (RMS)  difference  analysis  of  backbone  atom  positions. 

A  brief  summary  of  the  results  is  presented  in  Table  1.  Peptide  fragments 
with  low  average  RMS  values  tend  to  be  associated  with  linear  peptide  T-cell 
epitopes.  Satisfactory  results  are  obtained  with  a  1.7  A  RMS  cutoff  and  a  90°) 
overlap  of  the  predicted  and  actual  epitopes.  The  helical  stability  method 
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Table  1  Summary  of  efficiency  of  predicative  methods 


Helical 

stability 

Rothbard 

Berzofsky 

(7-residue 

blocks) 

Berzofsky 
(1 1 -residue 
blocks) 

Number  of  actual  epitopes  found  and  percentage 

found"  (total  of  36  known) 

18(50%) 

16(44%) 

2(6%) 

11(31%) 

Predicted  T-c»  '  -  itopes 

39 

47 

32 

34 

Predicted  epitopes  containing  one  or  more  actual 

epitopes 

18 

25 

2 

10 

False  positives  (predicted  epitopes  which  do  not 

contain  actual  epitopes) 

21 

22 

30 

24 

False  positives 

54% 

47% 

94% 

71% 

1  An  epitope  is  considered  found  if  90%  or  more  of  the  residues  are  contained  within  the  predicted 
epitope. 


correctly  identifies  more  of  the  actual  epitopes  than  either  the  Rothbard  and 
Taylor  structural  motif  or  the  Berzofsky  amphipathic  a-helix  methods.  The  helical 
stability  method  also  produces  fewer  false  positives  (predicted  epitopes  that  do 
not  contain  actual  epitopes)  than  the  amphipathic  a-helix  method. 

The  helical  stability  method  for  identifying  linear  peptide  T-cell  epitopes  is 
superior  to  the  other  commonly  used  T-cell  prediction  approaches.  The  method 
lends  itself  to  the  development  of  synthetic  peptide  vaccines  in  that  non-critical 
amino  acids  may  be  interchanged  to  enhance  the  helical  stability  of  the  vaccine 
and  thereby  enhance  the  immunogenic  response. 

Work  is  continuing  to  optimize  four  variables  to  increase  the  efficiency  of 
the  search.  One  of  these  variables  is  the  RMS  cutoff  presented  here.  Work  is 
continuing  to  analyze  the  effects  of  the  remaining  three  variables:  overlap  of 
a  predicted  epitope  with  an  actual  one,  the  size  of  the  peptide  fragment  used 
in  the  search,  and  the  number  of  residues  each  peptide  fragment  overlaps  the 
others.  Work  is  also  continuing  to  apply  the  method  on  additional  proteins 
known  to  contain  T-cell  epitopes.  In  addition,  a  data  base  is  being  developed 
to  determine  possible  statistical  confidence  limits  for  predicting  epitopes  f5]. 
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Introduction 

A  family  of  highly  homologous  serine  proteases,  granzymes,  have  been  isolated 
from  cytotoxic  T-lymphocyte  (CTL)  granules  and  are  involved  in  the  cell-mediated 
killing  by  CTL  [1],  The  active  site  str>,'T  ;s  of  murine  and  human  granzymes 
A  and  B  have  been  studied  using  peptide  n.ioester  substrates,  peptide  chioromethyl 
ketone  and  substituted  isocoumari  .  inhibitors  [2].  Granzyme  A  is  a  tryptase 
which  recognizes  Arg  or  Lys  _t  the  P,  site  of  peptide  thioester  substrates  and 
are  inhibited  efficiently  by  isocoumarins  substituted  with  basic  groups  such  as 
guanidino  or  isothiureidoalkoxy.  Murine  and  human  Q31  granzyme  B  have  high 
Asp-ase  activities  and  murine  granzyme  B  is  inhibited  potently  by  3,4-dichIoro- 
isocoumarin  (DC1).  We  report  here  additional  substrate  and  inhibitor  studies 
with  human  reccmbinant  (HR)  granzyme  A  and  murine  granzyme  B,  and  human 
Q31  chymase. 

Results  and  Discussion 

Grarzyme  A:  HR  granzyme  A  prefers  hydrophobic  residues  at  the  P2  position 
in  Arg-containing  peptide  nitroanilides  and  chioromethyl  ketones.  Mechanism- 
based  isocoumarins  substituted  with  isothiureidoethoxy  groups  are  potent  in¬ 
hibitors  of  this  enzyme.  Other  types  of  tryptase  inhibitors  and  isothiureido- 
propoxyisocoumarins  did  not  inhibit  this  enzyme  as  well  as  the  isothiureido- 
Uhoxyisocoumarin  inhibitors. 

Granzyme  B:  Suc-Asp-Val-Asp-SBzl  was  the  best  thioester  substrate  for 
granzyme  B.  Subsite  studies  indicate  that  interactions  of  the  S2-S4  subsites  are 
important  for  substrate  binding,  and  this  result  is  consistent  with  molecular 
modeling  of  granzyme  B  [3].  Boc-Ala-Ala-Asp-CH2Cl  and  isocoumarins  subs¬ 
tituted  with  acidic  groups  at  the  7  position  did  not  inhibit  this  enzyme  as  well 
as  DCI. 

Human  Q31  chymase:  This  enzyme  shows  significant  hydrolysis  activity  only 
toward  Suc-Phe-Leu-Phe-SBzl  and  was  potently  inhibited  by  the  peptide  chloro- 
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Table  1  Inhibition  of  HR  granzyme  A,  murine  granzyme  B,  and  human  Q31  chymase  by 
various  types  of  inhibitors 


Inhibitors 

[11  (pM) 

Inhibition  constants'1 

W[ll  (M-‘S-') 

Granzvme  A 

Z-Arg-CHjCl 

450 

25 

o-Phe-Pro-Arg-CHiCl 

420 

7.8 

Dns-Glu-Glv-Arg-CHiClh 

420 

2.8 

Z-NHCH(p-AmPh)P(0)P(OPh),s 

43 

1  200 

p-Gua-C6H4-COOC6H4-p-CN» 

7.8 

3400 

7-PhNHCONH-CiTEtOIC’ 

0.42 

94000 

7-PhNHCONH-CiTPrOICb 

4.3 

1  800 

Granzvme  B 

DCl 

42 

4  200 

7-SucNH-4-chloro-3-methoxvisocoumarin 

43 

8%c 

Boc-Ala-Ala-Asp-CHiCl 

420 

1C»  (pM) 

2.5 

Human  Q3I  chymase 

Z-Leu-Phe-CHjCl 

1.2 

Suc-Phe-Leu-Phe-CHiCl 

1.2 

Z-Leu-NHCH(CH,Ph)P(0)P(OPhT 

NId 

1  Inhibition  constants  were  measured  ir.  0.1  M  HEPES.  0.5  M  NaCI.  pH  7.5  buffer.  9%  Me.SO 
at  25°C. 


b  Dns;  dansyl.  p-Atn:  p-amidino,  p-Gua;  p-guanidino,  CiTEtOIC;  4-chloro-3-(2-isothiure>doeth- 
oxy)isocoumarin,  CiTPrOIC;  4-chloro-3-(3-isothiureidopropoxy)isocoumann. 
c  %  inhibition  after  5  min. 
d  No  inhibition  at  [I]  =  8.3  pM  after  10  min. 

methyl  ketones  containing  the  same  sequence  as  the  substrate.  Peptide  phos- 
phonate  diphenyl  ester  derivatives  which  are  good  inhibitors  for  chvmotrypsin- 
like  enzymes  [4]  do  not  inhibit  this  chymase. 
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Introduction 

«AT.  a  natural  inhibitor  ot  HLE  (K,=  IQ-'4  M),  undergoes  a  major  rear¬ 
rangement  upon  cleavage  [1]  suggesting  a  metastable  reactive  site  conformation. 
Native  aAT  has  no  disulfides,  but  many  natural  serine  protease  inhibitors  do. 
Synthetic  disullide-cyclized  aAT  analogs  might  mimic  the  conformation  of  the 
reactive  site  (Fig.  1)  and  inhibit  HLE. 

P7  P6  P5  P4  P3  P2  PI  Pi'  P2'  P3'  P4' 

...Phe-Leu-Glu-Ala-IIe-Pro-Met-Ser-  lie- Pro-Pro... 
lilt-  /•  Sequence  of  the  reactive  site  of  aAT. 

Results  and  Discussion 

We  prepared  analogs  with  Val  replacing  the  oxidation-sensitive  Met.  Initial 
residues  were  linked  to  a  /7-alkoxvbenzyl  alcohol  (Wang)  resin  using  2.6- 
dichlorobenzovl  chloride  [2]  in  CHiCH  which  gave  higher  yields  than  reported 
in  DMF.  Fmoc-amino  acids  were  coupled  using  BOP/HOBt/N-methvlmorpho- 
line/DMF.  In  most  cases,  oxidation  was  done  in  the  absence  of  K^FeCNh  to 
simplify  purification.  Since  FAB-MS  often  reduces  disulfides.  electrospray-MS 
was  used  to  distinguish  the  disulfide  and  free  thiol  peptides. 

A  one-pot  synthesis  was  developed  for  Fmoc-Glu(rBu)  and  Fmoc-Asp(tBu) 
by  f-butvlation  of  Asp  or  Glu  followed  by  Fmoc  derivatization  [3].  t-Butyl  ethers 
of  hydroxy  amino  acid  methyl  esters  were  prepared  on  a  large  scale  by  r-butylation 
in  similar  conditions,  followed  by  base  hydrolysis  of  the  ester  prior  to  Fmoc 
derivatization  giving  Fmoc-Ser(tBu)  and  Fmoc-Thr(rBu)  [4],  Optical  purity  was 
confirmed  by  RPHPLC  of  the  Marfey’s  reagent  adduct  [5]  after  Fmoc  removal. 

Several  methods  for  anchoring  protected  amino  acids  to  p-alkoxybenzvl  alcohol 
resin  can  cause  significant  racemization.  especially  for  Cvs  and  His  [2],  A  simple 
method  was  designed  for  quantitating  this  racemization  [6].  Following  Fmoc 
removal  with  1.8-diazabicvclo  [5.4.0]undec-7-ene  (DBU)  and  cleavage  from  the 
resin  with  TFA.  the  amino  acid  is  derivatized  with  Marfey’s  reagent.  The  resulting 
diastereomers  are  quantitated  by  RPHPLC. 

HLE  inhibition  increases  as  the  peptide  includes  more  aAT  reactive  site  residues 
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Table  1  Inhibition  of  HLE  by  linear  and  cyclic  a  AT  analogs 


Peptide 

K,(pM) 

Linear1 

Cyclic 

1 

Cvs-Glu-Ala-lle-Pro-Val-Ser-Cys 

140 

270 

2 

Cvs-Ala-Ile  -Pro-Val-Ser-Cvs 

290 

1200 

3 

C  vs-Ile  -Pro- Val-Ser-Cvs 

470 

10  000 

4 

C  vs  -  Pro-  V'a  l-Se  r-C  vs 

no  inhibition 

5 

C vs- Val-Ser-Cvs 

no  inhibition 

6 

Ac-Cvs-Glu-Ala-Ile -Pro- Val-Ser-Cvs 

- 

210 

7 

Fmoc-Cvs-Glu-Ala-lle-Pro-Val-Ser-lle-Cvs 

80 

130 

8 

Ac-Cvs-Ala-Ile-Pro-Val-Ser-lle-Cvs 

30 

20 

9 

Ac  Cvs-lle-Pro-Val-Ser-lle-Cvs 

170 

330 

10 

Ac-Cys-Pro-Val-Ser-Ile-Cvs 

440 

1000 

Linear  peptides  were  assaved  in  the  presence  of  0.01  M  dithiothreitol.  which  was  tound  not  to 
inhibit  HLE  significantly. 


(Table  l ).  In  combination,  acetylation  and  extension  to  the  P2'  lie  increase  potency 
by  a  factor  of  5-10  for  linear  sequences  and  by  50-100  for  cyclic  sequences. 
This  trend  is  in  agreement  with  an  extended  binding  site,  the  more  constrained 
cyclic  analogs  being  less  active.  The  exception,  8,  apparently  allows  an  appropriate 
side-chain  orientation  for  binding.  Conformational  studies  are  underway  to 
confirm  this  hypothesis.  7  is  difficult  to  compare  due  to  the  bulky  Fmoc,  which 
might  be  accommodated  by  subsites  occupied  by  Phe  and/or  Leu  in  the  native 
aAT  sequence. 
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Introduction 

In  order  to  be  recognized  by  CD4-positive  T-celis.  peptides  must  bind  to 
MHC  class  II  molecules.  Peptides  recognized  in  association  with  the  same  MHC 
class  II  restriction  molecule  can  compete  with  each  other  for  binding.  This  suggests 
that  MHC  class  II  molecules  express  a  single  peptide  binding  site.  Immunity 
against  pathogenic  mycobacteria,  like  M.  leprae  and  M.  tuberculosis  is  dependent 
on  CD4-positive,  MHC  class  II  restricted  T-cells.  Mycobacterium  specific  CD4- 
positive  T-cells  often  appear  to  recognize  the  parasite’s  heat-shock  proteins  such 
as  the  hsp65  [1.21-  The  mycobacterial  hsp65  carries  at  least  21  different  T-cell 
epitopes,  which  are  seen  in  the  context  of  different  HLA  class  II  molecules  [3], 

Peptide  3-13  is  an  important  epitope  since  it  is  immunodominant  in  the 
mycobacterium-directed  T-cell  response  of  DR3-positive  individuals  [3.4]  and 
is  exclusively  recognized  in  the  context  of  HLA-DR3  [3].  We  therefore  have 
tested  whether  this  peptide  is  selected  as  a  T-cell  epitope  in  the  context  ol  HLA- 
DR3  bv  specifically  binding  to  HLA-DR3  molecules. 

Results  and  Discussion 

In  order  to  measure  the  binding  of  p3—  1 3  to  DR  molecules  on  the  surface 
of  living  antigen  presenting  cells,  we  pulsed  different  HLA  homozygous  EBV- 
BLCL  with  biotinylated  p3—  1 3.  As  a  control  peptide  p307— 3 19  of  influenza 
hemagglutinin  was  chosen.  This  peptide  is  recognized  by  a  HLA-DR1  restricted 
T-ceil  clone  [5]  and  is  known  to  bind  well  to  a  number  of  different  DR  molecules 
[6].  After  staining  with  avidin-FITC  the  cells  were  analyzed  by  flow  cytometry. 
To  show  that  the  detectable  fluorescence  was  specifically  dependent  on  HLA 
class  II  we  also  tested  RJ  2.2.5  [7],  THF  [8]  and  EVF  [9]  cells,  none  of  which 
express  DR,  DQ  or  DP,  except  RJ  2.2.5  which  has  a  low  expression  of  DP. 

We  find  that  DR3-positive  EBV-B  cells  are  indeed  able  to  bind  p3—  1 3.  In 
contrast,  the  peptide  does  not  bind  to  DR1  molecules.  Instead,  HA  p307— 3 1 9 
binds  to  DR  1-positive  EBV-B  ceils  but  only  poorly  to  DR3-positive  EBV-BLCL. 
None  of  the  peptides  bound  to  an  HLA  class  II  negative  EBV-BLCL,  which 
shows  that  peptide  binding  is  specifically  dependent  on  HLA  class  II  molecules. 

Further  evidence  that  the  peptides  bind  to  HLA-DR  molecules  was  provided 
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Table  1  Inhibition  of  peptide  binding  by  monoclonal  antibodies 


mAb 

Specificity 

%  Inhibition 

B8.11.2 

DR 

67 

W6.32 

class 

10 

SPVL3 

DQ 

0 

B7/2I 

DP 

0 

Inhibition  of  binding  of  the  biotinylated  p3-l3  by  monoclonal  anti-DR  but  not  by  anti-class  I 
monoclonal  antibodies.  B  cells  (3  •:  t05/50  nU  were  co-incubated  with  biotinylated  p3-13  (50 
and  different  monoclonal  antibodies  for  20  h.  and  stained  with  FITC-avidin  (I  *zg).  Values  on 
the  y-axis  represent  the  mean  fluorescence,  corrected  for  background  fluorescence. 


by  experiments  in  which  peptide  binding  was  inhibited  by  anti  DR  monoclonal 
antibodies  but  not  by  anti  class-1.  anti-DP  or  anti-DQ  monoclonal  antibodies. 
We  conclude  that  the  hsp65  p3—  1 3  is  selected  as  an  important  T-cell  epitope 
in  the  context  of  HLA-DR3  since  it  binds  specifically  to  HLA-DR3  molecules. 

Direct  binding  studies  will  be  extended  now  with  other  DR  molecules  in  order 
to  define  the  peptide  and  MHC  residues  or  structures  that  are  critical  for  binding. 
It  then  may  become  feasible  to  design  competitor  peptides  that  can  specifically 
compete  with  naturally  processed  self-peptides  for  binding  to  MHC  molecules. 
For  instance,  in  experimental  autoimmune  encephalomyelitis  (EAE),  synthetic 
competitor  peptides  could  be  used  that  specifically  blocked  the  induction  of 
EAE.  Similar  approaches  may  be  followed  in  human  autoimmune  or  immuno- 
pathologically  associated  diseases. 
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Introduction 


Haptenic  groups  covalently  bound  to  immunogenic  carriers  represent  a 
particular  class  of  epitopes  recognized  by  B-lvmphocytes. 

We  use  human  serum  albumin  (HSA),  bovine  7-globulin  (BGG)  and  peptides 
derived  from  melittin  as  immunogenic  carriers  for  Dncp,  Bpo  and  Butaz  haptenic 
groups  (Fig.  1)  in  order  to  assess  regularity  and  magnitude  of  anti-haptenic  IgG 
responses. 

Results  and  Discussion 

BGG  was  fitted  with  Butaz  ( 18  groups).  Dncp  ( 12  groups)  and  Bpo  ( 10  groups 
per  conjugate  molecule  on  the  average)  and  used  in  a  conventional  immunization 
schedule  involving  Freund’s  complete  adjuvant  and  guinea  pigs.  The  IgG  titers 
of  each  animal  were  assessed  by  ELISA.  It  was  found  that  in  25  out-bred  animals 
the  anti-haptenic  responses  showed  a  regular  pattern  with  Butaz  usually  giving 
the  highest,  and  Bpo  the  lowest  titer.  No  animal  failed  to  show  responses  against 
any  of  the  three  non-crossreacting  haptens.  When  Bpo4irBGG  was  used  in  similar 
immunizations,  the  guinea  pig  sera  showed  a  regular  cross-reactivity  pattern 
with  various  haptenic  derivatives  used  for  inhibiting  Bpo-specific  ELISA. 

The  anti-hapten  ELISA  titers  in  these  experiments  (reciprocal  antiserum 
dilution  D  giving  an  absorbance  of  1.0  at  405  nm  from  4-nitrophenylphosphate 


fie.  /  Haptenic  structures  linkal  to  proteins  or  peptides  (P):  a:  Butaz.  derived  from  the  1.2- 
diphenylpvrazolidine-3.5-dione  series  of  drugs:  h:  Dncp.  2.4-dinitro-0-carboxvphenvl:  c:  Bpo.  />-«- 
henzylpenicilloyl. 
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6-11  12-17  animal  Nr. 


Fig.  2.  Dncp-specific  ELISA  titers  in  individual  out-bred  guinea  pigs.  The  antisera  were  collected 
as  indicated  several  weeks  after  primary  immunisation  and  consistently  one  week  after  a  booster  injection 
involving  immunogen  without  adjuvant.  Immunizations  were  with  Dncp]rHSA  (animals  1-5),  Dncp- 
melittin(I-26)-Lys-Dncp  (animals  6-11)  and  melittin( l-26)-Lys-Dncp  (animals  12-17).  ELISA  plates 
were  coated  with  Dncp-NH-( CHj6-NH?  at  10-'  M  Dncp.  the  detecting  antibody  was  an  alkaline 
phosphatase  conjugated  goat  anti-guinea  pig  IgG(H  +  L)  from  Dianova.  Hamburg. 


under  standardized  conditions  [1])  were  around  103.  With  Dncp,-HSA  as 
immmunogen,  the  titers  were  around  106,  when  homologous  DncprHSA  was 
used  for  coating  the  ELISA  plates,  but  less  than  D=  102  was  specific  for  Dncp. 
In  contrast  high  haptenic  titers  around  106  and  up  to  108  were  found  with  Dncp!4- 
HSA  as  immunogen  (plates  coated  with  Dncp-NH-(CH2)6-NH2).  Against  this 
reference,  all  Dncp-substituted  melittin  peptides  [2]  tested  thus  far  are  weaker 
immunogens.  Melittin(l-26)-Lys-Dncp  and  Dncp-melittin(l-26)-Lys-Dncp 
nevertheless  gave  titers  around  105  to  IO6  (Fig.  2).  When  a  single  Dncp  was 
attached  at  the  N-terminus  (Dncp-melittin(l-26)),  a  very  poor  immunogenicity 
was  noted  with  titers  around  D=10'.  Biotinylation  of  the  N-terminus  of 
melittin(l-21)-Dncp  virtually  abolished  the  anti-hapten  response. 

These  data  show  that  in  addition  to  appropriate  peptide  sequences  which 
have  to  provide  T-cell  receptor  and  MHC  contacts  other  structural  parameters 
are  involved  in  the  successful  generation  of  specific  antibody  responses. 
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Introduction 

Keyhole  limpet  hemocyanin  (KLH)  is  widely  used  as  a  carrier  protein  for 
raising  antibodies  to  attached  synthetic  peptides  and  peptide  vaccine  candidates 
[I].  To  isolate  peptides  containing  T-helper  cell  epitopes  we  cleaved  highly  purified 
KLH  with  cyanogen  bromide  (CNBr)  and  separated  the  products  by  semi¬ 
preparative  C|8  RPHPLC.  Eluted  peptides  were  collected  and  tested  for  their 
ability  to  stimulate  proliferation  of  lymph  node  cells  from  female  Balb/c  mice 
previously  primed  with  KLH  [2], 

Despite  its  widespread  use  as  a  carrier  protein,  the  molecular  characterization 
of  KLH  has  been  only  sparsely  reported  in  the  literature.  This  has  been  due 
in  part  to  problems  associated  with  the  poor  solubility  of  KLH  and  the  lack 
of  availability  of  a  sufficiently  pure  preparation. 

Results  and  Discussion 

Separation  of  CNBr-cleaved  KLH  fragments  by  RPHPLC  yields  three  major 
absorbance  peaks. 

Testing  of  the  peptides  in  individual  RPHPLC  fractions  for  T-helper  cell 
proliferation  of  mouse  lymph  node  cells  previously  primed  with  KLH  revealed 
significant  incorporation  of  [3H]-thymidine  for  three  fractions  Fractions  were 
pooled  and  shown  to  stimulate  proliferation  of  KLH-primed  mouse  lymph  node 
cells  in  a  concentration  dependent  manner  (Fig.  1).  A  control  peptide  stimulated 
only  baseline  incorporation  of  [3H]-thymidine  (Fig.  1). 

From  the  preliminary  data  presented  here  it  seems  clear  that  mice  belonging 
to  the  H-2d  haplotype  (Balb/c)  [4]  can  respond  to  a  peptide  or  peptides  contained 
in  a  mixture  of  KLH  cleavage  fragments.  We  believe  that  purification  of  a  KLH 
peptide  containing  a  T-helper  cell  epitope  is  feasible.  It  would  be  interesting 
to  determine  if  the  immune  response  to  such  a  T-helper  cell  epitope  was 
comparable  to  other  strains  of  inbred  mice,  and  if  so  such  a  peptide  could 
be  useful  in  the  design  of  peptide  vaccines. 

Numerous  small  peptide  sequences  capable  of  eliciting  T-helper  cell  function 
have  been  identified  [3].  A  number  of  approaches  have  been  proposed  for  the 
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Fig.  I.  Net  pHf-thymidine  incorporation  (\cpm)  of  KLH  primed  Balb/c  female  mouse  Ivmph  node 
cells  by:  •.  KLH,  A.  KLH-CNBr  digestion  peptides  from  CM  RPHPLC  fractions  pooled  and  ■.  an 
unrelated  peptide  ( negative  control).  \cpm  was  calculated  by  subtracting  the  cpm  pHfthymidine 
incorporation  from  KLH  primed  cells  stimulated  with  50%  RPMl  only,  from  cpm  for  stimulation  by 
the  peptides  dissolved  in  50%  RPML 

identification  of  regions  in  protein  sequences  which  can  be  recognized  by  T- 
cells  [5,6].  These  methods  rely  on  analysis  of  known  primary  structure  data 
for  successful  application.  To  our  knowledge  no  sequence  data  is  available  for 
KLH  but  it  is  anticipated  that  our  approach  of  isolating  individual  peptides 
in  this  study  provide  primary  structure  data  of  one  or  more  T-cell  epitopes 
from  KLH. 

Acknowledgements 

This  work  was  supported  by  N1H  grants  AI  25151  and  AI  26416. 

References 

1.  Shinnick,T.J.,Suttcliffe,  J.G.,  Green.  N.  and  Lemer.  R.A..  Annu.  Rev.  Microbiol.,  37(1983)425. 

2.  Nicholas,  J.A.,  Levely,  M.E.,  Mitchell,  M.A.  and  Smith.  C.W.,  J.  Immunol.,  143(1989)2790. 

3.  Rothbard.  J.B.,  Annates  de  L’lnstitute  Pasteur-Virologie.  137(1986)518. 

4.  Brown.  F..  J.  Autoimmun..  2(1989)251. 

5.  Delisi,  C.  and  Berzofsky,  J.A..  Proc.  Natl.  Acad.  Sci.  U.S.A..  82(1985)7048. 

6.  Rothbard.  J.  and  Taylor,  W„  EMBO  J..  7(1988)93. 


866 


Comparison  of  structural  and  functional  approaches  for  the 
study  of  peptide-mAb  interactions 


Clemencia  Pinilla,  Jon  R.  Appel,  Scott  E.  McPherson  and  Richard  A.  Houghten 

Torrey  Pines  Institute  for  Molecular  Studies.  San  Diego,  CA  92121,  U.S.A. 


Introduction 

We  have  examined  numerous  peptide-mAb  interactions  in  detail  with  complete 
sets  ot  substitution  analogs  of  the  original  peptide  by  direct  and  competitive 
ELISA  to  obtain  'fingerprint'  information  concerning  the  specificity  of  the  mAb 
[1,2].  We  present  here  a  comparison  of  the  ELISA  and  X-ray  crystallographic 
data  for  the  determination  of  peptide-mAb  interactions.  Direct  and  competitive 
ELISA  were  carried  out  using  a  complete  set  of  substitution  analogs  for  the 
determinant  region  of  YPYDVPDYASLRS  from  the  hemagglutinin  of  influenza 
(HA  1 : 98-1 10).  The  X-ray  structure  was  solved  from  3  crystals  of  the  Fab' 
complexed  with  peptide  100-108  (YDVPDYASL)  [3].  Though  the  results  from 
the  ELISA  and  structural  analyses  can  be  similarly  interpreted,  the  relative 
positional  importance  of  the  specific  residues  comprising  the  antigenic  deter¬ 
minant,  as  well  as  the  rank  order  of  importance  within  each  position,  can  be 
more  readily  determined  by  competitive  ELISA. 

Results  and  Discussion 

Substitution  analogs  of  the  peptide  Ac-YPYDVPDYASLRS-NH2  were  syn¬ 
thesized  by  the  SMPS  method  [4]  in  which  each  position  of  the  antigenic 
determinant  (DVPDYA)  was  individually  replaced  with  the  19  other  i.-amino 
acids.  By  direct  ELISA  both  aspartic  acids  and  the  tyrosine  appeared  to  be 
equally  specific.  Alanine  was  less  specific,  whereas  valine  and  proline  showed 
positional  redundancy  in  that  nearly  every  peptide  analog  when  bound  to  the 
plate  was  recognized  by  the  mAb.  Since  direct  ELISA  measures  only  the  mAb 
binding  to  each  analog  adsorbed  to  the  plate  and  may  include  biases  regarding 
contributions  of  individual  residues  to  this  adsorption,  we  employed  a  competitive 
ELISA  which  measures  the  inhibition  of  mAb  binding  to  the  control  peptide 
adsorbed  to  the  plate  by  each  analog  in  solution.  The  concentration  of  peptide 
analog  necessary  to  inhibit  50%  of  this  binding  (IC50)  was  obtained.  The 
replaceabilitv  tactor  (RF)  for  each  peptide  analog  is  the  1C50  of  the  control 
peptide  divided  by  the  IC50  of  each  peptide  analog.  Though  the  results  obtained 
by  competitive  ELISA  did  not  contradict  the  results  obtained  by  direct  ELISA, 
they  more  accurately  depict  the  interactive  importance  of  the  critical  residues. 

The  relative  positional  importance  of  each  residue  of  the  antigenic  determinant 


C.  Pinilla  et  al. 


Fig.  I.  Relative  positional  importance  J actors  tRPIF)  determined  for  the  antigenic  determinant  - 
D  V PD  Y A  -  recognized  by  mAb  17D09. 


was  found  by  averaging  the  replaceabilitv  factors  of  the  substitution  analogs 
for  each  position.  Thus,  the  relative  positional  importance  factor  (RPIF)  is  the 
inverse  of  the  average  of  the  replaceability  factors  for  each  position.  As  shown 
in  Fig.  1,  the  valine  and  the  proline  positions  have  low  RPIF  values  indicating 
that  these  positions  are  relatively  redundant.  The  most  important  position  of 
this  peptide-mAb  interaction  is  tyrosine,  whereas  the  aspartic  acid  positions  have 
intermediate  RPIF  values.  This  rank  order  of  positional  importance  corresponds 
with  what  would  be  expected  from  the  X-ray  crystallographic  results  in  which 
the  tyrosine  and  the  two  aspartic  acid  residues  are  involved  in  more  Fab  contacts, 
i.e.,  salt  bridge,  hydrogen  bond,  and  van  der  Waals  interactions,  than  the  other 
residues. 

Although  the  results  found  by  functional  and  structural  studies  were  com¬ 
parable,  we  find  that  competitive  ELISA  provides  a  quantitative  depiction  of 
the  specificity  of  the  peptide-mAb  interaction  that  X-ray  crystallography  is  unable 
to  obtain.  This  is  evident  by  the  determination  of  the  relative  positional  importance 
of  each  residue  within  the  antigenic  determinant. 
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Introduction 

Peptide  antigens  have  become  increasingly  important  as  diagnostic  tools  for 
a  wide  variety  of  infections  and  immune  diseases.  Enzyme-linked  immunosorbent 
assays  (ELISA)  of  smaller  peptides  are  however  often  difficult  to  perform  because 
of  poor  adherence  of  small  peptides  to  the  commercially  available  plastic  surfaces 
and  therefore,  larger  peptides  (20  AA’s  and  up)  are  generally  preferred  as  detection 
antigens.  Larger  peptides  are  however  composed  of  several  putative  epitopes 
and  may  hence,  be  less  discriminative  as  diagnostic  tools  than  single-epitope 
detection  antigens.  A  possible  alternative  is  the  conjugation  of  small  peptides 
to  carrier  molecules  but  it  is  often  difficult  to  control  the  specificity  of  that 
kind  of  conjugation  [1].  We  have  developed  a  new  and  relatively  simple  method 
of  stable  attachment  of  small  peptides  to  polystyrene  surfaces,  material  of  which 
most  ELISA  plates  are  made  of  and  which  permits  high  sensitivity,  stability 
in  storage  and  even  reutilization. 

Results  and  Discussion 

We  have  subjected  simple  multi-well  polystyrene  plates  to  7-irradiation  (^Co 
1.1732  MeV)  at  room  temperature  and  at  an  average  intensity  of  38.8  rad/s, 
up  to  a  cumulative  optimal  dose  of  3.5  Mrad.  This  treatment  was  followed 
by  activation  with  0.1  M  DCC,  0.1  M  yV-hydroxysuccinimide,  both  dissolved 
in  DMSO  and  by  extensive  washings.  The  peptides  were  incubated  in  the  activated 
plates  for  one  night  in  water.  Covalent  attachment  was  evaluated  with  radioactive 
(125I)  angiotensin  II  followed  by  extensive  washing  with  hot  5%  SDS.  since  it 
has  been  shown  that  this  peptide  had  completely  detached  from  ELISA  plates 
during  standard  ELISA  procedures  [2],  Immunological  tests  using  this  method, 
CGRP  (a  37-peptide)  and  successively  smaller  C-terminal  fragments  of  it,  showed 
a  very  important  improvement  in  sensitivity  and  especially  in  stability  for  the 
smallest  single-epitope  fragment  (decapeptide).  CGRP  and  its  fragments  (generous 
gift  of  Dr.  A.  Fournier,  Pointe-Claire,  Que.)  were  plated  in  conventional  manner 
in  carbonate-bicarbonate  buffer  at  pH  9.6  and  washed  three  times  with  0.4% 
Tween  20.  0.1  M  phosphate  buffer,  pH  7.4.  Non-specific  sites  were  saturated 
with  reconstituted  milk  for  both  plating  techniques.  With  both  plating  techniques 
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Fig.  I.  Influence  of  peptide  size  on  antigen  detection.  Polystyrene  ELISA  plates  (Dynatcch)  were 
coated  by  both  procedures  (conventional  and  covalent),  washed  and  assayed  with  anti-CGRP  serum 
(rabbit,  polyclonal.  Amersham).  The  plates  were  then  washed  with  hot  SDS  and  assayed  again.  OD 
is  the  optical  density  of  the  ELISA  plates  after  development  of  the  assay  coloration.  Every  point  is 
the  mean  of  at  least  4  independent  experiments. 


peptide  1-37  was  equally  well  recognized.  Using  the  conventional  coating 
technique  without  activation,  the  C-terminal  decapeptide  was  only  poorly 
recognized;  with  our  covalent  technique,  however,  the  decapeptide  was  as  well 
recognized  as  the  37-peptide.  Additional  washing  of  the  wells  with  hot  5%  SDS 
did  not  affect  the  sensitivity  of  the  covalently  attached  antigens,  regardless  of 
their  length;  washing  of  the  conventionally  coated  antigens  reduced  the  sensitivity 
inversely  proportional  to  the  peptide  length,  the  decapeptide  being  10-fold  less 
sensitive  than  the  full  sequence  peptide  and  the  covalently  attached  decapeptide 
(Fig.  1).  The  detection  level  of  covalently  coated  plates  was  not  reduced 
considerably  even  after  storage  of  several  month  at  room  temperature. 

ELISAs  with  covalently  attached  antigen  have  already  been  proposed  and 
produced  stable  and  reproducible  binding  of  the  antigens  to  the  solid  phase, 
sometimes  increasing  the  sensitivity  of  the  assays  [2-5].  The  method  we  developed 
here  is  characterized  by  it  simplicity  and  efficiency;  it  could  become  an  inexpensive 
and  highly  discriminative  tool  in  immunodiagnostics.  Such  tests  may  be  stored 
and  even  re-utilized. 
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Introduction 


We  recently  found  [1,2]  that  cyclolinopeptide  A  (CLA).  a  cyclic  nonapeptide 
from  linseed  oil,  demonstrated  immunosuppressor  activity  comparable  to  that 
of  low  doses  of  cyclosporin  A.  As  a  continuation  of  this  work,  we  have  investigated 
the  immunomodulatory  properties  of  a  series  of  CLA  analogs. 

The  immunomodulatory  activity  of  the  analogs  was  examined  using  the  plaque 
forming  cell  (PFC)  test,  performed  in  vitro  as  well  as  in  vivo,  the  delaved-type 
hypersensitivity  (DTH)  test,  and  the  graft  vs.  host  (GvH'l  test.  The  results  enabled 
us  to  make  some  conclusions  concerning  structure-activity  relationships. 

Results  and  Discussion 

Linear  nonapeptides  which  resulted  from  the  splitting  of  the  CLA  ring  in 
9  successive  amide  bond  positions  preserve  the  immunosuppressive  activity  in 
the  PFC  test  (Table  1).  GvH  test,  however,  shows  that  an  intact  Pro-Pro  amide 
bond  is  important  for  activity  preservation.  The  installation  of  Leu-Ile-Ile-Leu- 


Table  1  Linear  sequences  resulting  from  splitting  of  the  CLA  ring 


PFC 
in  vitroJ 

PFC 
in  vivo 

ipb  poc 

GvH 

H-LeU'lle-lle-Leu-Val-Pro-Pro-Phe-Phe-OH 

4 

4- 

Ac-Leu-Ile-lle-Leu-Val-Pro-Pro-Phe-Phe-OHJ 

± 

H-Phe-Leu-Ue-fle-Leu-Val-Pro-Pro-Phe-OH 

4 

-A- 

44 

H-Pro-Phe-Phe-Leu-lle-lle-Leu-Val-Pro-OH 

4 

4- 

- 

H-Pro-Pro-Phe-Phe-Lcu-lle-Ile-Leu-Val-OH 

± 

*4- 

4 

H-Val-Pro-Pro-Phe-Phe-Leu-Ile-lle-Leu-OH' 

4- 

4 

4 

H-Leu-Val-Pro-Pro-Phe-Phe-Leu-Ue-Ile-OH' 

4 

- 

-4- 

H-Ile-Leu-Val-Pro-Pro-Phc-Phc-Leu-lle-OH 

4 

4- 

H-lle-lle-Leu-Val-Pro-Pro-Phe-Phe-Leu-OH 

+ 

4 

4- 

inactive. 

±  low  activity. 
+  active. 

+-*-  very  active. 


b  ip,  intraperitoneal. 
c  po.  oral. 

d  Toxic  in  cell  culture. 
*  Poorly  soluble. 
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Table  2  Linear  sequences  of  CLA  installed  into  the  heterodetic  cyclic  structure  by  disulfide 
bridge  formation  a 


PFC 
in  vitro 

PFC 
in  vivo 

ip  po 

DTH 

Mpa-Leu-Ile-Ile-Leu-Val-Pro-Pro-Phe-Phe-Cvs-NH-.1’ 

-1- 

+4-  ++ 

++ 

Mpa-Val-Pro-Pro-Phe-Phe-Leu-lle-lle-Leu-Cvs-NH; 

+ 

± 

- 

Mpa-Leu-Val-Pro-Pro-Phe-Phe-Leu-Ilc-Ile-Cvs-NHi 

± 

- 

Mpa-lle-Leu-Val-Pro-Pro-Phe-Phe-Leu-lle-Cys-NH: 

Mpa-Ile-Ile-Leu-Val-Pro-Pro-Phe-Phe-Leu-Cvs-NH; 

4- 

— 

++ 

J  See  legend  of  Table  I. 

"  Active  in  GvH  test.  Mpa  =  mercaptoproptontc  acid. 


Val-Pro-Pro-Phe-Phe  linear  sequence  into  the  heterodetic  ring  created  by  the 
disulfide  bridge  formed  between  mercaptopropionic  acid  and  cysteine  amide  or 
cystamine,  situated  at  the  end  of  this  sequence,  produces  a  very  active  CLA 
analog  (Table  2).  Other  linear  sequences,  treated  by  the  same  procedure,  gave 
less  active  analogs.  Shortening  of  the  above-mentioned  sequence,  being  part 
of  a  heterodetic  cyclic  system,  led  to  a  decrease  of  immunosuppressor  activity 
and  to  drastic  changes  in  immunomodulatory  effects  produced  by  the  peptides, 
irrespective  of  whether  the  peptide  chain  was  shortened  from  the  N-  or  from 
the  C-terminus.  The  heterodetic  cyclic  analog  of  the  all-D  type  (containing  the 
above-mentioned  sequence  formed  from  residues  of  D-configuration)  is  active 
as  an  immunosuppressor.  Substitution  of  successive  residues  in  the  linear  sequence 
Leu-Ile-lle-Leu-Val-Pro-Pro-Phe-Phe  by  Gly  led,  except  for  the  substitution  of 
N-terminal  Leu.  to  inactive  compounds.  The  exchange  of  successive  residues 
in  the  fragment  H-Leu-Ile-Ile-Leu-Val  of  the  above-mentioned  linear  nonapeptide 
by  Thr  produced  active  analogs,  independently  of  the  position  in  which  the 
exchange  was  performed.  The  situation  changes  when  Thr-containing  linear 
analogs  are  cyclized:  the  immunosuppressor  activity  strongly  depends  on  the 
position  of  Thr  within  the  ring.  It  is  also  possible  to  exchange  some  residues 
of  heterodetic  cyclic  analogs  by  Glu  without  loss  of  immunosuppressor  activity. 
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Introduction 

The  autoimmune  disease  systemic  lupus  erythematosus  (SLE)  is  characterized 
by  the  production  of  large  quantities  of  IgG  autoantibodies  directed  mainly 
at  DNA,  the  histone  components  of  chromatin,  and  other  nuclear  proteins  [1], 
In  the  (NZB  X  NZW)F,  murine  model  of  this  disease,  a  major  autoimmune 
epitope  has  recently  been  mapped  to  the  N-terminal  amino  acid  residues  3- 
12  of  histone  H2B  [2J.  We  have  been  investigating  an  adaptation  of  an  antigen- 
specific  method  of  immunosuppression  [3]  that  involves  the  identification  of 
autoimmune  epitopes  and  their  subsequent  administration  in  a  soluble  form 
as  a  multivalent  tolerogenic  array  on  the  inert  polymeric  carrier  dextran.  Using 
this  technology,  we  have  chronically  suppressed  the  specific  antibody  response 
to  the  histone  epitope. 

Results  and  Discussion 

The  identified  H2B  epitope  [2]  is  highly  cationic  and  was  therefore  ‘charge- 
balanced’  during  SPPS  by  the  inclusion  of  H2B  Glu2  and  two  additional  Glu 
residues  near  the  C-tcrminus.  A  C-terminal  Cys  residue  was  included  for 
conjugation  purposes  and  H2B  Gly13  was  incorporated  as  a  spacer  element. 
The  resulting  modified  epitope  from  H2B:  W-Ac-Glu-Pro-Ala-Lys-Ser-Ala-Pro- 
Ala-Pro-Lys-Lys-Gly'Mjlu-Glu-Cys-CONHi,  was  covalently  attached  to  size- 
fractionated  40  kD  dextran  that  had  been  chemically  modified  to  contain 
maleimide  groups  at  a  known  substitution  density.  The  purified  peptide-dextran 
conjugate  was  subjected  to  complete  acid  hydrolysis/amino  acid  analysis  [4], 
Identification  and  quantitation  of  the  hydrolysis  product(s)  unique  to  the 
maieimide-modified  dextran  and  those  unique  to  the  conjugated  peptide  permitted 
the  assessment  of  peptide  substitution  density. 

When  administered  to  (NZB  X  NZW)Ft  mice  (n=  17)  either  i.p.  or  i.v.,  a 
peptide-dextran  conjugate  containing  21  copies  of  the  modified  epitope  per 
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Table  1  Suppression  of  anti-H2B  epitope  ASC 


Group 

Days  from 
start  of 
experiment 

Serum  IgG 

titer 

(O.D.) 

Antigen  cone, 
per  well 
(Mg/mL) 

ASC/2x  10-' 
cells 

(Mean  ±  S.E.) 

Experiment  1 

Treated 

40 

0.065 

5 

1  ±0.6 

Control 

40 

0.421 

5 

15  +  3.5 

Treated 

45 

0.026 

25 

0 

Control 

45 

0.524 

25 

39  ±4 

Experiment  2 

Treated 

17 

0.010 

10 

3^0.9 

Control 

17 

1.987 

10 

57  ±4.8 

average  molecule  of  40  kD  dextran  produced  complete  and  specific  elimination 
of  serum  IgG  antibodies  to  the  H2B  epitope.  In  contrast,  control  mice  (n=  11) 
exhibited  no  decrease  in  antigen  specific  IgG  titer. 

Treated  mice  'vere  also  found  to  have  a  selective  reduction  (>90%)  in  anti- 
H2B  epitope  antibody-secreting  cells  (ASC)  (Table  1).  No  change  in  anti-DNA 
antibody  titers  or  anti-DNA  ASC  was  observed  in  either  group,  a  fact  which 
emphasizes  the  specificity  of  the  observed  antibody  suppression.  Mortality  in 
treated  mice  was  unchanged  thereby  supporting  the  belief  that  it  is  the  anti- 
DNA  antibodies  that  are  pathogenic  in  this  model  of  SLE  [5], 

That  the  effect  of  the  peptide-dextran  conjugate  is  due  to  the  suppression 
of  antibody  production  and  not  to  simple  absorption  of  circulating  antibodies 
has  been  demonstrated  bv  a  specific  reduction  in  the  number  of  anti-H2B  epitope 
antibody-secreting  cells.  Such  a  result  suggests  that  therapeutic  interventions 
based  on  this  technology  may  be  possible  for  patients  with  SLE  as  well  as  other 
autoimmune  diseases. 
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Introduction 

A  critical  requirement  of  any  subunit  vaccine  for  humans  is  that  it  contains 
peptide  sequences  that  can  bind  the  majority  of  H  LA-DR  alleles.  The  antigen 
combining  site  of  DR  proteins  is  composed  of  both  variable  and  conserved 
residues.  Although  the  variation  between  alleles  has  been  emphasized,  much 
of  the  site  is  conserved.  The  conserved  residues  have  been  shown  to  be  important 
for  binding  by  experiments  demonstrating  that  many  peptides  are  recognized 
by  all  DR  alleles. 

Pertussis  toxin,  a  principal  component  of  whooping  cough  vaccine,  contains 
a  previously  defined  T-cell  determinant,  pertussis  toxin  (30-42),  recognized  by 
DR  1 -restricted  T-cells  [1].  The  primary  structure  of  the  determinant  shares 
structural  features  with  a  number  of  sequences  known  to  bind  HLA-DR1  [2]. 
Based  on  these  common  features  a  model  of  the  putative  antigen  combining 
site  of  DR1  can  be  envisioned  [3],  To  test  both  the  validity  of  the  model  and 
whether  the  affinity  and  range  of  allele  binding  of  the  peptide  could  be  improved. 
Asp’4  was  replaced  with  either  a  basic  amino  acid,  asparagine  or  alanine. 

30  34  42 

Pertussis  toxin  30-42:  DNVLDHLTGRSSQ 

Results  and  Discussion 

Four  analogs  of  pertussis  toxin  (30-42)  containing  substitutions  at  residue 
34  were  synthesized  and  tested  for  their  ability  to  bind  purified  HLA  DRIDwl 
in  an  inhibition  assay.  Increasing  amounts  of  each  analog  were  incubated  with 
affinity  purified  DRIDwl  and  the  parent  peptide  which  had  been  biotinylated 
at  its  amino  terminus.  The  amount  of  the  biotinylated  peptide-DRIDwl  complex 
in  each  case  was  quantitated  by  a  DR  antibody  capture/europium  streptavidin 
assay.  The  four  analogs  were  significantly  better  inhibitors  than  the  parent 
sequence  with  the  best  binding  observed  for  peptides  with  arginine,  lysine,  or 
alanine  at  residue  34  (IC50  between  0.6  and  0.9  nMolar).  The  peptide  with 
asparagine  at  residue  34  exhibited  a  IC50  of  approximately  1.7  nM,  whereas 
the  parent  sequence  had  an  of  14.4  nM.  To  determine  whether  these 
modifications  also  affected  the  range  of  DR  alleles  to  which  the  peptide  could 
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■  DRlDwl  E3  DR4Dw14 

■  DRIDwtt  □  DRw8-Dw8.2  SPL 


Fig.  1.  Effect  of  position  34  substitution  on  DR  allele  selectivity. 

bind,  they  were  used  in  a  cell  surface  binding  assay  [4],  The  peptides,  in 
biotinylated  form,  were  incubated  with  B  cell  lines  homozygous  for  DR  proteins, 
washed,  treated  with  fluorescently  labeled  streptavidin,  and  analyzed  by  flow 
cytometry  (Fig.  1).  The  natural  pertussis  peptide  bound  DRlDw20  approximately 
twice  as  well  as  DRlDwl  and  DR4DwlO.  No  detectable  signal  wac  observed 
when  the  peptide  was  incubated  with  DR4Dw4,  Dwl4,  Dwl5,  DR7Dw7. 
DR8Dw8.2,  and  DRwll.  However,  all  of  the  analogs  containing  substitutions 
at  residue  34  bound  more  DR  alleles  than  the  parent  peptide.  Substitution  by 
lysine,  arginine,  alanine,  or  asparagine  converted  the  peptide  into  a  form  that 
was  recognized  by  DR4Dwl4,  DR8Dw8.2,  and  DRwll.  These  substitutions  did 
not  affect  recognition  by  DR4Dw4,  DR4Dwl5,  or  DR7Dw7.  Also,  the  affinity 
of  the  modified  peptides  was  greater  to  those  alleles  to  which  the  parent  peptide 
also  bound.  All  modified  peptides  bound  similarly  to  each  allele  except  to 
DRllDwl5  in  which  some  variation  was  seen. 

Substitution  with  any  of  four  amino  acids  (R,K,N,  or  A)  at  position  34 
dramatically  increased  the  capacity  of  the  peptide  to  bind  DRlDwl  and 
significantly  increased  the  number  of  DR  alleles  it  could  bind.  These  experiments 
demonstrate  that  natural  T-cell  determinants  can  be  modified  to  increase  both 
t..eir  apparent  affinity  for  HLA  proteins  and  their  degeneracy. 
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Introduction 

Helper  T  cells  generally  recognize  processed  protein  Ag  in  association  with 
class  II  major  histocompatability  complex  (MHC)  molecules  [1,2].  The  T  cell 
response  to  foreign  Ag  is  usually  focused  on  a  small  number  of  determinants 
and  in  many  cases,  a  single  immunodominant  determinant.  Multiple  factors  have 
been  proposed  to  account  for  the  selection  and  hierarchy  of  T  cell  determinants, 
including  a  role  for  Ag  processing  [3].  We  have  developed  two  different  strategies 
for  investigating  the  possible  mechanisms  of  Ag  processing.  The  first  approach 
was  to  use  recombinant  mutant  proteins  that  differ  from  the  native  protein 
antigen  by  one  amino  acid  substitution  and  to  determine  their  effect  on  T  cell 
determinant  selection.  The  second  approach  involved  the  development  of  a  cell- 
free  system  to  model  class  II  Ag  processing.  Until  recently,  it  has  proved  difficult 
to  isolate  or  structurally  define  antigenic  fragments  generated  in  vivo. 

Results  and  Discussion 

Previous  work  in  our  laboratory  has  shown  that  for  BALB/c  (I-Ad,  I-Ed) 
mice  immunized  with  Staphylococcus  aureus  nuclease  (Nase),  5  regions  can  be 
identified  as  T  cell  determinants  and  of  those,  the  I-Ad  restricted  region  66- 
78  is  immunodominant  [4].  The  relative  contribution  of  each  residue  within 
p66-78  to  T  cell  recognition  or  immunogenicity  was  defined  by  peptide  analogs 
substituted  at  each  residue  with  Ala.  None  of  the  substitutions  at  residues  66, 
67,  68,  69  or  77  had  a  major  influence  on  the  T  cell  stimulatory  activity  compared 
to  the  wild  type  peptide.  However,  substitutions  at  residues  within  the  region 
70  to  76  led  to  a  large  decrease  in  antigenicity  as  assessed  by  their  ability  to 
stimulate  a  T  cell  hybridoma  specific  for  p66-78  (AD61).  These  substituted 
peptides  have  also  been  tested  as  immunogens  in  Balb/c  mice  and  peptides  with 
substitutions  at  residues  72,  75  and  76  are  poorly  immunogenic.  Taken  together 
with  peptide  competition  studies,  these  results  indicate  that  for  the  system  under 
study,  residues  70  and  74  are  likely  T  cell  receptor  contacts  and  residues  72 
and  76  are  likely  MHC  contacts.  For  Nase  mutant  proteins  containing  these 
same  changes,  the  66-78  determinant  was  not  recognized  by  AD61,  despite  the 
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fact  that  other  I-Ad  and  I-Ed  restricted  determinants  on  Nase  are  processed 
and  presented  as  for  the  native  protein.  The  immunogenicity  of  these  mutant 
proteins  in  vivo,  taken  in  conjunction  with  our  previous  studies  [4],  suggests 
a  mode!  for  Ag  processing  whereby  the  preferential  contact  of  class  II  MHC 
molecules  with  certain  regions  of  an  Ag  prevents  the  interaction  between  other 
regions  of  that  Ag  and  MHC  molecules  [5]  (i.e.,  intramolecular  competition 
between  determinants). 

To  circumvent  the  difficulties  of  isolating  antigenic  fragments  generated  in 
vivo  .  we  have  utilized  a  cell-free  processing  system  mimicking  the  physiological 
conditions  of  the  in  vivo  processing  compartment  [6].  Using  acidic  proteases 
isolated  from  the  antigen  presenting  cell  A20  to  digest  Nase  in  vitro,  we  have 
correlated  the  appearance  of  particular  fragments  over  time  with  the  antigenicity 
of  the  digest.  Mass  spectrometry  has  been  utilized  as  a  method  for  rapidly 
inalyzing  these  proteolytic  products.  Such  studies,  in  conjunction  with  T  cell 
assays,  have  allowed  the  identification  of  potential  antigenic  fragments  and 
putative  processing  cleavage  sites.  Mutant  Nase  proteins  with  obliterated  ca- 
thepsin  D  cleavage  sites  are  currently  being  tested  for  their  antigenicity  in  order 
to  assess  the  role  of  specific  proteases  in  T  cell  determinant  selection  [7], 
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Introduction 

The  response  of  the  human  body  to  inflammatory  or  other  tissue  injury 
associated  processes  includes  an  augmented  synthesis  in  the  liver  of  several 
proteins  known  as  acute  phase  proteins  1 1].  C-rcactive  protein  (CRP)  is  a  major 
member  of  this  family.  Its  serum  levels  may  rapidly  soar  up  to  a  1000-fold 
above  normal  levels  in  response  to  various  inflammatory  stimuli.  The  physio¬ 
logical  function,  however,  of  CRP  is  unclear.  It  was  recently  reported  bv  us 
and  others  that  CRP  is  extensively  degraded  in  vitro  by  enzymes  of  inflammatory 
cells  origin.  This  proteolysis  yields  peptides  capable  of  modulating  pro-inflam¬ 
matory  functions  of  human  neutrophils  [2]  and  monocytes  f  31-  Our  studies  are 
aimed  at  evaluating  the  possibility  that  the  physiological  role  of  CRP  includes 
providing,  by  means  of  its  proteolysis,  peptides  which  moderate  the  inflammatory 
process. 


Table  I  Peptides  isolated  from  CRP  digests  by  neutrophilic  enzymes 


Peptide  sequence 

Biological 

activity 

Peptide  sequence 

Biological 

activity 

Membrana 1  digest 

Asp1  i:-Glv-Lvs-Pro-.Arg-Val-Arg-l.vs 

"■*  N.D. 

Val:'-Glv-Glv-Ser-Glu-Ue!‘: 

S.I. 

Valm-Asp-Giv-Lvs-Pro-Arg-Y,ai-Arel 

'  N.D. 

Leu' '-Phc-GIu-Val-Pro-Glu-\ . 

il-Thr'*"  S.I. 

Glul"'-Phe1"'’ 

N.D. 

Trpll,--Asp-Phe-Val1'’5 

S.I 

Asp"-|le-Glv-Tyr-Ser'J 

I.M.J 

Asnlwl-Met-Trp-Asp-Phe-Val"' 

'  S.I. 

Ser^-Trp-Glu-Ser-Ala1"’ 

S.I.h 

Asp‘"-Ile-Glv-Tyr75 

I.M. 

L  vsosomat  digest 

Aspl''-Phc-ValIM 

N.D. 

Asnl'’0-MetIM 

S.I. 

Val'”-Glv-Asp-lle-Glv-Asn-Val'"» 

I.M. 

Ser^'-Pro-Asp-Glu1" 

S.I. 

l.  ys-'11- Pro-Gin- Lcu-Trp- Pro2'"’ 

S.I. .I.M. 

TryO-’-Glu-Val-GIn1-' 

S.I. 

'  I.M.  -  immunomodulating  activity. 
h  S.I.  -  superoxide  inhibition. 
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Table  2  Measurements  of  effects  of  SAP  peptides  related  to  CRP  201-206  on  inhibition 
of  superoxide  production  (cytochrome  c  assay,  [4])a 


Protein 

Peptide 

%  Superoxide  inhibition 

source 

0.1 

Peptide  concentration 

1  /iM  10  /zM  100  jrM 

SAP 

SAP 

CRP 

I  Ie2 1 ' 7-  Lys-Pro-  Leu-  Val-Trp-  VaP-’ 
Lys2l8-Pro-Leu-Val-Trp-VaP^ 

Lys'M'-Pro-GIn-Leu-Trp-Pro-'06 

80  ±39 

50  ±25.4 
N.D 

31  ±  2.1  32  ±  16  33  ±  4.9 

7  ±10.6  7  ±  5.6  50  ±23 

N.D.  21  ±  9.6  38.5 ±18.5 

J  Cells  were  stimulated  by  fMLP  (If)  ''  M)  in  the  presence  of  cvtochalasin  B  (2'  10-*  M).  Results 
are  the  average  t.  SEM  of  four  experiments.  Inhibition  was  statistically  significant  (0.05  <  p  ^  0.005; 
Student’s  paired  l  test).  Blood  was  obtained  from  four  different  donors. 


Results  and  Discussion 

To  investigate  the  nature  of  the  peptide  fragments  generated  by  degrading 
CRP  with  neutrophil  membranal  and  lysosomal  enzymes,  peptide  mixtures  of 
the  digest  were  separated  using  RPHPLC  and  individual  fractions  screened  for 
their  ability  to  modulate  superoxide  production  by  fMet-Leu-Phe  (fMLP)  and 
phorbol  myristate  acetate  (PMA)-stimulated  neutrophils  [2].  Active  fractions 
were  repurified  by  HPLC  and  analyzed.  The  corresponding  peptides  were 
synthesized  and  their  activity  evaluated  (Table  1). 

Serum  amyloid  P  (SAP)  is  a  plasma  constituent  homologous  to  CRP.  It  is 
not,  however,  an  acute-phase  reactant  in  humans  and  has  been  investigated  in 
relation  to  amyloid  deposits.  Two  SAP  peptides  corresponding  to  a  modulatory 
region  in  CRP  (residues  201-206)  were  synthesized  and  their  capacity  to  effect 
superoxide  release  from  neutrophils  was  studied  (Table  2).  The  results  point 
to  a  certain  potential  involvement  of  SAP  in  the  body’s  anti-inflammatory  process. 

Peptides  generated  through  proteolysis  of  acute-phase  and  related  proteins 
may  participate  in  anti-inflammatory  reactions  by  quenching  toxic  free  radicals. 
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Introduction 

The  'phagocytosis  stimulating  peptide’  tuftsin.  H-Thr-Lys-Pro-Arg-OH.  is 
located  adjacent  to  the  carbohydrate  moiety  in  the  Fc-domain  ot  the  heavy 
chain  of  a  unique  7-globulin  fraction  leukokinin.  The  neutrophil  modulating 
activity  of  leukokinin  is  fully  attributed  to  tuftsin  [1].  It  is  possible,  however, 
that  active  peptides,  glycosylated  or  nonglycosvlated.  longer  than  tuftsin,  though 
encompassing  its  sequence,  are  produced  in-vivo  during  leukokinin  processing 
[2],  In  view  of  the  significant  clinical  potential  of  tuftsin  as  an  immunomodulating 
drug,  and  aiming  to  prepare  'super'  analogs,  we  studied  the  effect  ot  glycosylation 
of  the  peptide  on  its  activity  1 3.4 1.  In  the  present  study,  we  prepared  [Hvp3]- 
tuftsin  and  its  O-(a-D-glucopvranosyl)  and  0-[fa  +  ^)-u-glucopyranosylj  analogs 
(Fig.  1 )  and  evaluated  their  tuftsin-like  effects  on  immunogenic  activity  ot  mouse 


Hoc  Hyp  -  OH 


Z-Thr-OSu  I  H*  Lyl(Z )  -  OH  II 

L _ I 


l  -  Thf  •  Lyi(Z)OH  (ll 


IV  H  Arg(NOj)  QBJI 

)  Hyp  -  OH  IV(’i./l) 

mixed  anhydride 

r '  ■ 

Boc  -  Hyp- Arg(NOj) -  OBll 

VI 

0oc-(Glc  n  )  Hyp  -  Arq(N02)  ‘  08ll 

VI  Q 

Boc  (Glc  ■■.(l)Hyp-Arg(N0J)  OBll  VI(o.(() 

I  TFA 

H-  Hyp  -  Arg(N0j)-08JI 

VII 

H  -(Gtc  n)Hyp  -Arg(NO2)-O0*l 

VII  a 

H-(GIC  o»i)Hyp-Arg(H0j)-0BJI 

Vli  (n*rf) 

mutfl  anhydride 


Z-Thr-iyj(Z)-  Hyp  -  Arg  (NO;)  -  00x1  VIII 

Z-Thr-  Ly*  (Z)-  (Git  o^Hyp-  Arg  (NOj)  -0821  Vill  o 

Z  -  The-  Lys  (Z)-  (cic  n»#)Hyp  -Arg-(NOj)-  OBJ  l  Vlll(o»fl) 


0  H,/Pa 
|z)  CM  S2 
3)  Sr phadf i  0 10 


H - Thr - Lyl - Hyp -Arg-OH  IX 

H  -  T  hr  -  L  yx  -  (OK  a  )  Hyp  -Arg-OH  IX  a 

H-Thr  -Ly«-(OUa»0)Hyp-Arg-OH  IX  (?•)) 


Fig  I.  Synthesis  of  [ Hvp'J-tuftsin  and  its  glycosylated  derivatives. 
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Table  1  Augmentation  of  interleukin-1  (IL-l)  production  from  macrophages  by  tuftsin  and 
analogs 


Treatment 
of  cells 

Concentration 

(M) 

IL-l 

(units/ml) 

Control 

_ 

819 

Tuftsin 

10-7 

924 

5  x  10-* 

1432 

(Hyp’)-tuftsin 

I0-7 

1051 

5  x  l(H 

1367 

[  Hvp(  a- d-GIc)]- tuftsin 

io-7 

1315 

5  x  I0~1' 

1775 

(Hyp-'(a  +  /3-o-Glc)|-tuftsin 

I0-7 

1035 

5  x  IO-* 

>2000 

IL-I  levels  were  determined  bv  measuring  the  production  of  intcrleukin-2  bv  the  IL-l  dependent 
LBRM-33-IA5  cells  [5], 


peritoneal  macrophages  and  on  the  ability  of  cells  to  release  interleukin-1  (IL-l). 

Results  and  Discussion 

The  synthesis  of  [Hyp3]-tuftsin  and  its  glycosylated  derivatives  is  shown  in 
Fig.  1.  The  peptides  were  found  to  modulate  the  immunogenic  capacity  of  antigen 
presenting  cells,  i.e.  macrophages,  when  applied  in  culture  simultaneously  with 
the  antigen  keyhole  limpet  hemocyanin  (KLH)  [5],  At  a  concentration  of  5  x  1CH 
M,  tuftsin  was  able  to  augment  (nearly  two-fold)  HMhymidine  incorporation 
into  cells.  [Hyp3]-tuftsin  and  its  a-glycosylated  derivative  exhibited  much  higher 
effects  than  tuftsin  when  applied  at  5x  1(H  M.  At  concentrations  of  10~7  M. 
however,  both  were  inhibitory  while  tuftsin  was  inactive.  The  (a +  (3)  anomer. 
on  the  other  hand,  was  very  active  at  I0-7  M  and  inhibitory  at  5x  10-s  M.  As 
summarized  in  Table  I ,  [Hyp-’j-tuftsin  and,  even  better,  its  glycosylated  derivatives 
were  capable  of  augmenting  IL-l  production  by  macrophages. 

The  results  clearly  demonstrate  that  Hyp  can  substitute  Pro'  in  tuftsin  with 
preservation  of  activity.  Moreover,  attachment  of  a  glycosidic  residue  to  the 
hydroxyl  function  of  Hyp  even  enhance  activity.  The  findings  may  suggest  that 
the  sugar  moiety  increases  the  affinity  of  tuftsin  towards  its  specific  macrophage 
receptor  with  its  consequent  parallel  activation. 
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Introduction 

The  magnitude  and  specificity  of  antibody  responses  to  poorly  immunogenic 
B-cell  determinants  can  be  augmented  by  addition  of  potent  T-cell  stimulatory 
‘helper’  peptides  [1],  However,  such  constructs  often  elicit  immune  responses 
that  are  genetically  restricted  to  only  one  or  a  few  alleles  of  class  II  major 
histocompatibility  complex  molecules  (MHC).  This  phenomenon  of  MHC 
“restriction’  of  the  T-cell  response  arises  from  the  fact  that  T-cells  do  not  recognize 
the  native  intact  protein  but  a  processed  form  of  the  protein  antigen.  The  resulting 
peptide  fragment  must  be  presented  on  the  surface  of  cells  bearing  the  haplotvpe 
as  the  T-cells  themselves,  but  not  on  ceils  of  different  haplotypes.  Recent  data 
have  shown  that  some  antigenic  peptides  are  permissive  in  their  interaction  with 
a  wide  range  of  MHC  haplotypes  [2],  Such  ‘promiscuous’  T-cell  epitopes  have 
been  described  and  thus  could  be  used  to  overcome  the  phenomena  of  genetically 
controlled  unresponsiveness.  We  have  engineered  two  model  peptides  incorpo¬ 
rating  a  conformational  epitope  of  LDH-C4  [3,4]  and  a  promiscuous  T-cell  epitope 
of  tetanus  toxoid  as  an  hybrid  molecule.  The  immunogenicity  and  antigenicity 
of  the  model  hybrids  in  rabbits  immunized  with  the  free  peptide  was  evidenced 
by  high  titered  antipeptide  antibody  specific  for  the  native  protein  LDH-C4. 
We  also  investigated  the  antibody  and  T-cell  response  in  different  inbred  strains 
of  mice  with  three  different  haplotypes  and  a  peptide-driven  IL-2  bioassav  was 
used  to  assess  the  T-cell  responses.  Here  we  show  that  the  immune  response 
to  the  engineered  sequences  are  greatly  enhanced  by  the  ‘promiscuous’  T-cell 
epitope  in  two  of  the  three  strains  tested.  We  also  show  that  lymphocytes  from 
peptide-immunized  mice  from  all  3  strains  were  able  to  mount  a  proliferative 
response  following  in  vitro  culture  with  the  peptide. 

Results  and  Discussion 

An  amphiphilic  a-helical  segment  of  the  protein  antigen  lactate  dehydrogenase 
C4  (  LDH-C4)  [3]  encompassing  a  discontinuous  site  on  the  surface  of  the  protein 
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Table  1  Immune  response  in  mice  of  three  different  strains  (C3H/HeJ  (H-2*),  BALB/ 
c  (H-y)  and  C57/B6  (H-P))  immunized  with  a  ITT  and  a  ATT 


aITT 

C3H/HeJ 

Balb/C 

C57BI/6 

immunization 

Peptide 

Protein 

Peptide 

Protein 

Peptide 

Protein 

Primary 
+  2  weeks 
+  3  weeks 

Secondary 

2/5 

0/5 

1/5 

0/5 

3/5 

1/5 

-*•  1  week 

5/5 

4/5 

0/5 

0/5 

5/5 

1/5 

+■  2  weeks 

5/5 

5/5 

0/5 

0/5 

3/5 

1/5 

+  3  weeks 

5/5 

5/5 

0/5 

0/5 

4/5 

2/5 

aNTT 

C3H/HeJ 

Balb/C 

C57BI/6 

immunization 

Peptide 

Protein 

Peptide 

Protein 

Peptide 

Protein 

Primary 
+  2  weeks 

0/5 

1/5 

0/5 

0/5 

0/5 

5/5 

+  3  weeks 

Secondary 

4/5 

5/5 

0/5 

0/5 

5/5 

5/5 

+ 1  week 

4/5 

5/5 

0/5 

0/5 

4/4 

4/5 

+  2  weeks 

5/5 

5/5 

0/5 

0/5 

4/4 

4/4 

+  3  weeks 

5/5 

5/5 

0/5 

0/5 

4/4 

4/4 

was  synthesized  co-linearlv  with  a  ‘promiscuous’  T-cell  epitope  from  tetanus 
toxoid.  CD  measurement  of  the  purified  hybrid  peptides  in  water  containing 
2%  acetic  acid  show  spectra  typical  of  a-helices  with  minima  at  222  nm  and 
208  nm.  The  a|TT  showed  high  a-helical  content  (6222  —  -24 600.  130  jxM)  and 
no  substantial  increase  in  mean  residue  ellipticity  by  addition  of  TFE.  In  contrast, 
the  aNTT  construct  had  low  values  (0;;;  =  -3500.  130  pM)  but  its  helical  content 
increased  to  -14,200  by  addition  of  TFE.  These  results  are  consistent  with  the 
model  peptides  assuming  a-helical  structure  in  solution. 

Both  peptides  produced  antibodies  of  high  titers  within  weeks  of  the  primary 
injection,  and  in  some  cases  the  antibody  induced  persisted  for  weeks  with  no 
further  immunization.  The  specificity  of  the  immune  sera  was  analyzed  by 
competitive  ELISA  and  the  results  show  that  the  native  protein  was  a  good 
nhibitor  indicating  that  these  constructs  were  structurally  relevant  to  the  native 
protein.  We  also  investigated  the  antibody  response  in  mice  of  three  different 
strains  (C3H/HeJ  (H-2k),  C57/B6  (H-2b)  and  BALB/c  (H-2d)).  As  shown  in 
Table  1 ,  both  constructs  produced  high  IgG  titers  with  4/5  or  5/5  mice  responding 
in  two  strains  bearing  the  H-2k  and  H-2b  haplotypes.  There  were  no  detectable 
antibodies  in  the  BALB/c  strain.  We  examined  the  T-cell  responsiveness  using 
a  peptide-driven  IL-2  bioassay  and  lymphocytes  from  peptide  immunized  mice 
from  all  the  strains  were  able  to  mount  a  proliferative  response  following  in 
vitro  culture  with  the  peptides.  Figure  1  shows  the  results  of  a  representative 
experiment  with  the  aNTT-peptide  in  which  only  the  homologous  immunogen 
responded  in  a  linear-dose  dependent  fashion.  These  observations  suggest  that 
the  TT-epitope  may  not  be  universally  immunogenic  since  no  detectable  antibodies 
were  produced  in  mice  bearing  the  H-2d  haplotype. 
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IL2  PROLIFERATION  ASSAY.  5/16/91 
C3HIHeJ  IMMUNIZED  WITH  ANTT 


m  ANTT 
■I  TT-PEPTIDE 


AN 

TT-PROTEIN 


I  |  CONTR.  PEPTIDE 


Fig.  I.  Groups  of  mice  were  immunized  with  100  pg  of  peptide  (1:1  PBS:  CPA)  at  the  base  of 
the  tail  and  subcutaneously  on  the  back.  8  d  after  the  primary  immunization,  the  mice  were  boosted 
with  50  ug  of  peptide  in  PBS  and  8-9  da  i  s  later,  their  popliteal  and  inguinal  lymph  nodes  were  removed 
asepncalh:  Mononuclear  lymphocytes  from  immunized  mice  were  cultured  in  96  well  plates  (2\  HP/ 
well)  with  peptides  for  48  h  at  J7°C.  lO'  i  CO;  and  then  irradiated  with  2000  R  y  radiation.  IL-2 
sensitive  CTLL-20  cells  (l(P/well)  were  added  to  each  well  for  another  24  h  including  a  terminal 
8  h  pulse  with  0.8  pCi  'H-thvmidine.  Data  were  expressed  as  CPM  of  ‘ H-thvmidine  incorporation 
by  CTLL-20  cells. 
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Introduction 

Peptides  corresponding  to  B-cell  determinants  of  protein  antigens  require 
coupling  to  foreign  carrier  macromolecules  to  enhance  their  immunogenicitv. 
The  covalent  attachment  of  antigenic  peptides  to  carrier  proteins  often  results 
in  conformational  changes,  loss  of  epitopes  and  generation  of  undefined  struc¬ 
tures.  Recently  several  reports  [1,2]  have  detailed  the  pairing  of  helper  T-cell 
and  B-cell  epitopes  to  circumvent  these  problems.  A  number  of  researchers  have 
outlined  strategies  for  synthesis  of  templates  bearing  multiple  copies  of  specific 
peptides  [3,4],  In  view  of  the  genetic  diversity  present  in  an  outbred  population 
vaccine  design  will  require  the  use  of  broadly  reactive,  and/or  a  combination 
of,  helper  T-cell  epitopes  that  are  not  restricted  to  one  or  few  alleles  of  class 
II  MHC  to  ensure  maximal  response. 

We  have  developed  a  strategy  (Fig.  1)  which  allows  the  incorporation  of  single 
or  multiple  copies  of  B-cell  and  T-cell  determinants  in  any  combination  and/ 
or  orientation  onto  a  /3-sheet  template  molecule.  This  scheme  was  designed  to 
permit  unambiguous  verification  of  the  integrity  of  the  synthesis  at  various  stages, 
as  well  as  structural  characterization.  The  template  peptides  we  have  synthesized 
exhibit  sequence  fidelity  and  are  a-helical  in  structure.  Here  we  also  show  that 
these  multivalent  constructs  are  immunogenic  in  rabbits,  producing  high-titered 
sera  as  early  as  two  weeks  after  the  primary  immunization. 

Results  and  Discussion 

The  aN  peptide  is  an  epitope  of  mouse  LDH-C4,  while  the  a|  peptide  represents 
an  idealized  sequence  aimed  at  improving  the  folding  of  the  peptide  into  an 
immunogenic  conformational  B-cell  determinant.  The  rationale  for  the  selection 
of  these  sequences  has  been  described  [5].  The  TT  sequence  is  a  ‘promiscuous’ 
T-cell  epitope  derived  from  tetanus  toxoid  [I]  employed  to  act  as  a  T-cell  activating 
peptide.  The  template  molecule  was  designed  to  display  an  amphiphilic  /3-sheet 
motif  with  alternating  lysine  residues  providing  side-chain  attachment  sites  for 
constructing  the  B-cell  and  T-cell  immunogenic  peptides.  The  two  strands  were 
connected  by  a  4-residue  /3-turn.  The  overall  synthetic  scheme  (Fig.  1)  required 
the  use  of  differential  protecting  groups  for  unambiguous  assembly  of  the  template 
and  specific  epitopes. 

The  HPLC  profiles  of  these  peptides  are  indicative  of  their  size  and  complexity. 


886 


Immunology 


8-strand  template 


T-cell  epitope/8-strand  template 


T-cell  +  B-cell  epitopes/B-sheet  template 


Fig.  I.  .S’  vnthesis  of  multivalent  B-cell  anil  T-cell  epitope  peptides.  The  general  strategy  of  the  synthesis 
w as  us  follows:  a )  The  (i-strand  half-template  was  synthesized  using  Fmoc/t-butyl  strategy:  the  A- 
termtnus  was  protected  by  addition  of  .Xpvs-l.eu.  h)  The  t-Roc  group  was  removed  from  Lvs:  the  T- 
cell  epitope  was  assembled  using  Boc/henzvl  methodology:  S-termint  were  blocked  by  acetylation, 
c)  The  Xpys  protecting  group  was  removed  and  the  rest  of  the  template  was  synthesized  using  the 
Fmoc/t-hutvl  method:  N-terminus  was  blocked  by  acetylation,  d)  The  t-Boc  group  of  Lvs  was  deprotveted: 
the  B-cell  determinant  was  synthesized  using  the  Fmoc/t-butyl  strategy:  bi-termini  were  blocked  bv 
aceivlatton.  e)  The  t-buivi  and  Boc  groups  were  removed  by  TFA:  the  peptide  was  cleaved  from  the 
resin  bv  low/high  HF  treatment. 

Sequences: 

0-strand  template:  GIv-Lcu-Pvs-l.eu-lvs-Lcu-G/v-t  OOH 

0-sheet  template:  f Ac)  Gh-Leu-Lvs-l.eu-l.vs-I.eu-GIv-GIv-Ser-Pro-l.eu-GIv-Leu-Lys-Leu-Lys-Leu-Gly- 

COOH 

T-cell  epitope:  (Ac)  i'al-Asp-Asp-Ala-l.eu-lle-Asn-Ser-Thr-Lvs-lle-Tvr-Ser-Tyr-Phe-Pro-Ser-V  aKt  OOH ) 
B-cell  epitopes: 

«v-  (Ac)  Glu-Glu-Glu-Gh-l.eu-Leu-Lvs-Lvs-Ser-Ala-Asp-Thr-l.eu-Trp-Asn-Mel-Gln-Lys  I (  OOH) 
a  a  (Ac)  Glu-l.eu-Glu-GIv-l  eu-l  eu-l.  vs-lvs-feu-Lvu-  Asp-  Ihr-feu-ti/u-Asn-Met-Leu-lis  I  (  OOH). 
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and  are  rather  broad  peaks  in  the  reversed  phase  chromatography  system  used. 
The  CD  spectra  indicate  a  substantial  amount  of  a-helix,  and  some  quantity 
of  /3-structure,  for  £*|TT-template;  aNTT-template  has  some  /3-structure  and  not 
much  discernible  a-helicity  (in  water).  The  a-helical  content  of  «NTT-template 
is  substantially  increased  in  the  presence  of  TFE,  but  that  of  a,TT-template 
is  only  slightly  augmented. 

Immediately  following  the  primary  injection  (primary +1  week)  antibodies 
specific  for  a(TT-template  and  aNTT-template  immunogens  were  detected:  this 
response  further  progressed  with  time.  High-titered  antibodies  specific  for  the 
native  protein  LDH-C4  and  to  the  conformational  epitope  ay  suggest  that  the 
template  strategy  can  be  utilized  for  incorporating  helper  T-cell  epitopes  as  well 
as  topographic  B-cell  determinants.  In  addition,  the  immune  responses  to  these 
peptides  persisted  for  greater  than  8  weeks  after  the  secondary  immunization. 

In  conclusion,  the  template  approach  can  be  modified  to  incorporate  multiple 
individual  B-cell  and  T-cell  epitopes  for  construction  of  a  universal  vaccine  that 
will  be  useful  in  vaccinating  an  outbred  population.  These  studies  are  ongoing 
in  our  laboratories  at  present. 
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Introduction 

The  immune  response  towards  most  antigens  is  controlled  by  T-cells  including 
T-helper  memory  cells.  Consequently,  it  might  be  possible  to  enhance  the 
production  of  specific  antibodies  against  a  given  antigen  by  covalently  conjugating 
an  additional  T-helper  epitope  to  the  antigen.  This  hypothesis  was  tested  both 
in  vivo  and  in  vitro  using  a  hepatitis  B-derived  T-cell  epitope  and  lysozyme 
as  a  source  of  B-cell  epitopes. 

Results  and  Discussion 

Hepatitis  B  S-preS(2)  specific  T-cell  hvbridomas  were  generated  by  somatic 
cell  hybridization  of  primed  lymph  node  cells  and  the  BW5147  T-cell  lymphoma. 
These  T-cell  hvbridomas  can  be  activated  in  vitro,  to  produce  interleukin-2, 
using  syngeneic  antigen  presenting  cells  and  either  S-preS(2)  particles  or  the 
T-cell  epitope  containing  peptide  S2b  [I]. 

The  conjugation  of  the  S2b  T-cell  epitope  to  lysozyme  requires  a  reactive- 
SH  group  on  both  polypeptides.  In  order  to  provide  such  groups  a  C-terminal 
Cys  residue  was  added  to  the  S2b  peptide  during  the  synthesis  and  lysozyme 
was  modified  using  Traut’s  reagent  (2-iminothiolane).  Subsequently,  the  peptide- 
SH  and  the  lysozyme-SH  were  conjugated  by  two  different  maleimide  derivatives 


0.5  1.0  1.5  2.0  2.5 


Fig.  I  Optical  density  tn  lysozyme  specific  ELISA  (scrum  dilution  1/100).  White  bars  IgM.  Black 
bars  sum  of  It’d.  2a.  2b.  3. 
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Table  I  T-cell  hybridoma  stimulation  by  a  S2b/lysozyme  conjugate 


T-cells 

la  restriction3 

S2b 

Lysozyme 

S2b/lysozyme 

HB  68 

I-Ad 

41  (2) 

2.5(1) 

10(1) 

HB  82 

I-Ad 

126(8) 

2  (1) 

66(6) 

J  As  determined  by  inhibition  with  monoclonal  antibodies. 

b  'H-thvmidine  incorporation  in  CTL-L  cells  (cpmx  I03).  Proliferation  of  CTL-L  cells  is  sustained 
with  supernatant  ot  cocultures  of  antigen  presenting  cells  and  T-cell  hvbridomas  and  different 
types  of  antigen. 

(Fig.  1).  Linker  1  was  described  to  be  acid  labile  [2]  and  should  therefore  be 
cleaved  spontaneously  during  the  passage  of  the  antigen  in  the  endosomal 
compartment.  In  contrast,  linker  2  is  expected  to  be  stable  in  the  endosomes. 
and  therefore  this  conjugate  should  be  processed  by  proteases  before  the  T- 
cell  epitope  could  be  released.  As  shown  in  Table  1.  both  T-cell  hybridomas 
could  be  activated  effectively  by  the  S2b/lvsozvme  conjugates.  These  results 
imply  that  the  alterations  of  the  S2b  T-cell  epitope,  required  for  the  conjugation 
steps,  do  not  abrogate  its  activity. 

Corroborating  the  in  vitro  results,  mice  primed  with  S2b  peptide  (100  ng/ 
mouse  in  CFA)  produced  large  amounts  of  antibodies  when  boosted  with  both 
types  of  S2b/lvsozyme  conjugates.  Moreover,  although  the  sera  were  collected 
within  9  days  after  the  boost,  it  can  be  seen  from  Fig.  1  that  the  anti-lysozyme 
antibodies  are  mainly  of  the  IgG  subclass.  This  could  indicate  that  a  secondary 
type  of  immune  response  has  been  elicited  after  a  single  injection  of  lysozyme. 
In  contrast,  mice  primed  with  PBS/CFA  do  not  produce  large  amounts  of  anti- 
lvsozyme  IgG  antibodies. 
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Introduction 

Interleukin  1-/8  is  synthesized  intracellularlv  as  an  inactive  31  kD  precursor 
which  must  then  be  cleaved  at  the  Asp'^-Ala11'  bond  to  generate  the  active 
mature  17  kD  protein.  This  cleavage  event  occurs  concomitant  with  secretion 
[1]  and  can  be  catalyzed  by  a  cytosolic  enzyme,  IL-1/8  convertase  (ICE)  [2]. 
A  series  of  peptide  substrates  based  upon  the  mature  cleavage  site  as  well  as 
an  upstream  processing  site  has  been  synthesized  to  provide  a  more  convenient 
assay  tor  ICE  and  to  examine  this  processing  event.  Analogous  mutants  of  the 
precursor  protein  have  also  been  prepared  to  compare  the  activity  of  the  enzyme 
on  peptide  and  protein  substrates.  The  HPLC  assay  has  also  been  used  for 
preliminary  characterization  of  the  enzyme. 

Results  and  Discussion 

A  series  of  16  peptides  were  constructed  based  upon  the  mature  and  upstream 
cleavage  sites  of  pre-lL-1/3  and  were  evaluated  for  their  ability  to  be  recognized 
as  substrates  for  ICE  and  were  compared  to  corresponding  mutant  proteins 
(Table  1).  In  general  the  mutant  peptides  and  proteins  behaved  similarly  with 
the  enzyme  with  regard  to  their  ability  to  be  recognized  as  substrates  and  the 
best  peptide  substrates  had  Vmax/Km  values  comparable  to  the  native  protein 
substrate.  Asp  appears  to  be  required  at  P,  while  P',  prefers  small  uncharged 
residues.  All  other  mutations  tested  appeared  to  be  well  tolerated.  The  14  amino 
acid  peptide  corresponding  to  the  native  cleavage  site  sequence.  Asn-Glu-Ala- 
Tyr-Val-His-Asp1  lh*  Ala1  l7-Pro-Val-Arg-Ser-Leu-Asn,  is  also  able  to  inhibit  cleav¬ 
age  of  the  31  kD  precursor  to  the  mature  protein. 

Since  peptide  cleavage  appeared  to  correlate  with  the  ability  of  ICE  to  cleave 
analogous  protein  substrates  and  was  easier  to  quantitate,  the  HPLC  peptide 
assay  was  chosen  tor  preliminary  characterization  of  the  enzyme.  Cleavage  of 
peptides  could  be  monitored  by  loss  of  substrate  or  appearance  of  product  and 
fit  a  theoretical  curve  for  a  first  order  reaction  indicating  that  (S]«Km.  The 
enzyme  showed  optimal  activity  at  pH  7  in  the  presence  of  10%  sucrose  and 
0-1%  CHAPS.  Enzymatic  activity  with  both  the  peptide  or  protein  substrates 


891 


J.R.  Weidner  et  at. 


Table  1  Cleavage  of  peptide  and  protein  substrates  by  ICE 


Sequence 

Peptide  cleavage3 

Protein  cleavage15 

NEAYVHD*APVRSLN 

1.00  ±0.05 

complete 

(10)c 

NEAYVHD.GPVRSLN 

3.72  ±0.24 

complete 

NEAYVHD.LPVRSLN 

0.07  ±0.01 

N.D. 

NEAYVHD.EPVRSLN 

0.006 

N.D. 

NEAYVHD*KPVRSLN 

0.02 

none 

NEAYVHD«AGVRSLN 

0.30  ±0.02 

complete 

NEAYVHD.AVVRSLN 

0.77  ±  0.01 

N.D. 

NEAYVHD*AFVRSLN 

0.53  ±0.01 

N.D. 

neayvhd*apgrsln 

0.80  ±0.35 

N.D. 

NEAYVHD.APVESLN 

0.79  ±0.05 

N.D. 

NEAYVHD.APVRSGN 

0.82 

N.D. 

neayvha.apvrsln 

0.005 

none 

neayvhe.apvrsln 

0.01 

partial 

neayvhn.apvrsln 

<0.005 

none 

NEAYVAD.APVRSLN 

0.41  ±0.01 

N.D. 

DLFFEAD.GPKQMKC 

0.5 

complete 

*  Peptide  cleavage  is  expressed  as  relative  rates  of  cleavage  compared  to  the  native  Aspl,6*Ala117 
sequence.  Rates  of  cleavage  were  determined  by  HPLC  at  25°C. 
b  Protein  cleavages  were  determined  by  SDS-PAGE. 

1  Relative  to  the  cleavage  rate  of  the  native  peptide  sequence.  Rate  determined  at  30°C. 


could  be  inhibited  by  thiol  alkylating  agents  such  as  NEM  or  iodoacetamide 
but  was  not  inhibited  by  PMSF,  pepstatin,  or  EDTA. 

In  conclusion,  we  have  demonstrated  the  suitability  of  peptide  substrates  for 
the  study  of  ICE. 
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Introduction 

The  multiple  antigen  peptide  (MAP)  system  first  described  by  Tam  [1.2]  has 
been  presented  as  a  novel  and  valuable  approach  for  anti-peptide  antibody 
elicitation  and  experimental  vaccine  development.  The  system  is  based  on  a 
small  immunogenically  inert  core  matrix  of  lysine  residues  bearing  radially 
branching  synthetic  peptides. 

The  aim  of  this  study  was  to  carefully  analyze  immunogenic  and  antigenic 
properties  of  different  MAP  systems  each  containing  8  copies  of  peptides  6  to 
15  residues  long  located  in  N-,  C-  and  central  regions  of  various  proteins.  The 
results  were  compared  to  those  obtained  in  parallel  with  the  same  peptides  linked 
to  carrier  protein  bv  means  of  conventional  conjugation  procedures.  The  various 
anti-peptide  antisera  were  tested  in  ELISA  with  homologous  peptides  conjugated 
to  their  C-terminal  (as  in  MAP  system)  or  their  N-terminal  ends  and  with  their 
related  protein.  The  antigenic  properties  of  MAPs  were  studied  with  anti-peptide 
antibodies  obtained  by  classical  protein  antisera.  Antigens  tested  are  listed  in 
Table  1. 

Results  and  Discussion 

The  three  regions  69-83  of  H2A.  130-135  of  H3  and  1-13  of  H2B  contain 
major  epitopes  of  the  respective  native  proteins.  Comparing  classical  peptide 
presentation  to  the  MAP  system,  the  following  conclusions  can  be  drawn: 

-  As  antigen 

in  ELISA,  the  MAP  system  was  indeed  found  to  be  very  efficient  (ex:  MAP 
04  and  03)  except  in  the  case  of  C-terminal  epitopes.  This  latter  result  also 
appears  with  classical  conjugates  involving  the  last  C-terminal  residue  (i.e. 
IRGERA  [3]  (Table  1)).  It  has  to  be  noted  that  a  low  concentration  of  MAP 
is  generally  sufficient  for  coating  ELISA  plates.  Conversely,  we  observed  that 
higher  MAP  concentrations  often  gave  false  positive  reactions. 

-  As  immunogen 

1 )  in  one  case,  namely  for  MAP  03  (N-terminal  peptide),  the  peptide  presented 
as  MAP  was  not  immunogenic. 
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Table  1  List  of  the  model  antigens  tested 


Antigenic 

domains 

Proteins,  peptides  and 
conjugates 

Molar 

coupling  ratio 
carrier/peptide 

Mr  of  the 

unconjugated 

antigens 

C-terminal 

H3 

_ 

15  300 

domain  of 

‘IRGERA  OVA/GL 

1  :  10 

- 

H3  (130-135) 

•IRGERA  BSA/GL 

1  :  9 

- 

IRGERA  [3) 

'BB1RGERA  OVA/Photochemical 

1  :  2 

- 

IRGERA*  OVA/ECDI 

1  :  8 

- 

MAP  01  IRGERA* 

- 

7  611 

N-terminal 

H2B 

13800 

domain  of 

1-25 

_ 

2  750 

H2B  ( 1-25)  [4| 

I-I3C 

- 

1  540 

I-13C*  OVA/MBS 

1  :  8 

- 

MAP  03  1-13C* 

- 

14  651 

Central  domain 

H2A 

14  000 

of  H2A 

65-85 

_ 

2310 

(69-83) [5] 

69-83  GC 

- 

1870 

69-83  GC*  OVA/MBS 

I  :  14 

- 

*71-77  OVA/GL 

1:  6 

- 

MAP  04  69-83* 

- 

17291 

•AA  involved  in  the  conjugation  of  the  peptide  to  carrier  protein. 

Abbreviations:  GL  =  glutaraldehvde;  MBS  =  m-MaleimidobenzovI  N-hvdroxysuccinimide  ester: 
ECDI  =  l-(3-dimethylamino  propyl>-3  ethvlcarbodiimide:  BB  — benzoyl  benzoyl. 


2)  in  the  case  of  MAP  01  (C-terminal  peptide),  the  response  with  MAP  was 
satisfactory  with  the  homologous  MAP,  but  these  antibodies  did  not  cross- 
react  with  classical  peptide  conjugates  nor  with  the  total  protein. 

3)  in  the  case  of  the  internal  domain  of  H2A,  a  very  good  response  was 
obtained  with  MAP  04  (although  equivalent  to  the  response  obtained  with 
the  conventional  conjugate).  The  antibodies  also  recognize  the  protein 
(generally  with  a  drop  of  the  titer  peptide  vs.  protein  corresponding  to 
1  log). 

Our  study  shows  that  the  use  of  MAP  system  in  ELISA  offers  an  attractive 
alternative  to  increase  the  antigenicity  of  peptides  (especially  for  diagnostic 
purposes).  However,  the  interest  of  the  MAP  strategy  for  raising  antibodies 
cross-reacting  with  the  native  protein  appears  much  more  limited  and  may  not 
be  suitable  for  the  elaboration  of  future  synthetic  vaccines. 
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Introduction 

Thymosin  04  (T/34,  AcSDKPDMAEIEKFDKSKLKKTETQEKNPLPSKE- 
TIEQEKQAGES)  has  been  originally  postulated  to  be  a  thymus  peptide  hormone 
[I].  Recently  Grillon  et  al.  [2]  showed  that  T/?4  is  the  precursor  molecule  of 
a  regulator  of  the  hematopoietic  system,  the  tetrapeptide  Ac-SDKP.  For  the 
determination  of  T/?4  in  human  tissues  specific  antibodies  are  developed  against 
T/34.  To  localize  potential  antigenic  sites  of  T/34  we  integrated  secondary  structure, 
hydrophilicitv/hvdrophobicity,  flexibility  and  surface  probability  parameters 
using  the  Jameson  and  Wolf  computer  program  [3].  These  predictions  are 
compared  with  the  2D  NMR  (NOE)  measurements  of  the  naturally  occurring 
molecr  e  [4]  and  the  results  of  our  experimental  epitope  mapping. 

Results  and  Discussion 

Our  theoretical  predictions  show  high  antigenic  indices  of  T/?4  between  residues 
4-15  aid  24-30  (Fig.  1).  In  addition  to  these  results  our  2D  NMR  (NOE) 


fig  1.  Chou-Fasman  plot  of  T[}t  w  ith  marked  regions  of  high  antigenic  indices. 
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measurements  indicate  two  helical  regions  between  residues  4-16  and  30-40  [4]. 
For  the  development  of  specific  antibodies  against  T/?4  we  carried  out  a  SPPS 
of  T04  using  the  Fmoc/tBu  strategy  [5].  T/?4  was  then  coupled  to  KLH,  and 
this  conjugate  used  for  the  immunization.  The  polyclonal  antiserum  shows  full 
cross-reactivity  with  T/J4[l-ll]  and  Tj34[l-14]  (isolated  after  tryptic  cleavage 
of  the  natural  T/34)  [6].  Based  on  these  results  we  suggest  that  the  antigenic 
sites  of  T/34  are  located  mainly  in  the  N-terminal  region.  Moreover,  our 
experimental  epitope  mapping  studies  show  that  the  high  antigenic  regions  are 
located  between  residues  1-20  and  30-36  (Fig.  2).  Two  sets  of  overlapping 
hexapeptides  from  T/?4,  shifted  by  one  amino  acid,  and  two  negative  control 
hexapeptides  on  polyethylene  pins  [7,8]  (using  the  commercially  available  kit 
from  CRB,  Cambridge,  U.K.)  were  synthesized  and  tested  in  our  ELISA  [6] 
using  the  polyclonal  antiserum  against  T/34.  In  addition  three  of  the  high  antigenic 
peptides  (fragments  [1-6],  [11-16]  and  [30-36];  see  Fig.  2)  were  synthesized  by 
SPPS  (Fmoc/tBu  strategy)  and  purified  by  HPLC.  Their  cross-reactivities  were 
determined,  and  they  proved  to  be  almost  identical  to  the  corresponding  ones 
of  the  epitope  mapping  experiment. 
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Introduction 

Cell-cell  communication  is  an  inherent  characteristic  of  all  higher  organisms. 
Many  studies  indicate  that  intercellular  communication  is  often  controlled  by 
diffusible  molecules  that  are  released  by  one  cell  and  recognized  by  a  specific 
receptor  on  the  target  cell.  Obviously,  in  higher  organisms  the  study  of  signal 
release  and  reception  is  made  difficult  by  the  multiplicity  of  biochemical  events 
that  are  simultaneously  transduced.  In  contrast,  sexual  conjugation  in  the 
monocellular  eukaryote,  Saccharomyces  cerevisiae ,  appears  to  be  triggered  by 
two  diffusible  peptides,  the  a-factor  (WHWLQLKPGQPMY)  and  the  a-factor. 
which  are  secreted  by  MATa  and  MATa  cells,  respectively.  Whereas  the  a- 
factor  is  a  simple  peptide,  the  a-factor  is  a  lipopeptide  which  contains  a  farnesvl 
group  on  the  C-terminal  Cys  and  a  methyl  ester  on  the  C-terminal  carboxyl 
(Fig.  1).  Thus,  the  a-factor  is  a  model  for  a  new  group  of  lipopeptides  and 
lipoproteins  which  is  characterized  by  posttranslational  prenvlation  and  methyl 
esterification  ( 1 ).  Important  members  of  this  family  include  RAS  proteins,  nuclear 
lamins  and  G-proteins  [2],  We  are  using  the  a-factor  as  a  simple  model  to  develop 
methods  of  synthesis  of  prenylated  peptides,  to  examine  SAR  relationships  in 
lipopeptides.  to  study  the  influence  of  prenylation  on  peptide  conformation, 
and  to  investigate  the  biosynthesis  of  such  compounds. 


HpN-Tyr-lle-lle-Lys-Gly-Val-Phe- 


Fig.  /.  Structure  of  a- factor  ^Saccharomyces  cerevisiae. 

Results  and  Discussion 

Methods  have  been  developed  to  synthesize  a-factor  and  its  analogs  using 
a  combination  of  solution  phase  and  SPPS  [3j.  These  methods  required  the 
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Table  1  Biological  activity  of  a-f actor  analogs a 


Analog 

Activity  (pg) 

a-factor 

3-6 

S-prenyl  a-factor 

300-600 

S-geranyl  a-factor 

30-60 

D-Cys  a-factor 

3-6 

S-CHi[OFarnl  a-factor 

24-48 

S-CHi[OFarnj  D-Cys  a-factor 

24-48 

J  Activities  were  measured  using  a  halo  growth  arrest  assay  with  strain  RC757  (MATo  sstJ-l) 
as  the  test  organism. 


use  of  Fmoc  and  OFm  protecting  groups  so  that  the  trans  farnesvl  group  would 
not  be  subjected  to  acidic  conditions  and  thereby  risk  isomerism.  S-alkvlation 
was  accomplished  using  alkyl  bromides  in  the  presence  of  KF  H20  as  the  catalyst. 
The  protected  dodecapeptides  were  assembled  via  10  +  2  fragment  condensation 
using  BOP  as  the  coupling  reagent.  Final  deprotected  peptides  were  purified 
by  HPLC,  and  characterized  by  AAA,  FABMS  and  ‘H  NMR  techniques. 

A  study  on  the  conformation  of  the  a-factor  in  solution  using  ID  and  2D 
'H  NMR  has  been  initiated.  Double  quantum  filtered  COSY  was  used  to  make 
complete  assignments  for  the  a-factor  and  4  analogs  in  DMSO  (d6).  NOESY 
analysis  and  measurements  of  coupling  constants  and  temperature  coefficients 
indicated  that  all  peptides  are  flexible,  disordered  molecules  in  this  organic  solvent. 
Preliminary  results  suggest  that  the  alkylation  of  the  Cys  sulfur  atom  does  not 
have  a  significant  effect  on  the  structure  of  the  parent  dodecapeptide.  Additional 
investigations  are  currently  underway  in  the  presence  of  liposomes. 

Bioassays  on  the  a-factor  indicated  that  activity  increased  with  the  number 
of  prenyl  units  (Table  1).  The  farnesvl  group  could  be  replaced  by  a  benzyl 
group  with  only  4-fold  decrease  in  activity.  Moreover,  analogs  in  which  Cvs- 
(Farn)OMe  were  replaced  by  D-Cys(Farn)OMe,  Cys(Me)OFarn,  or  D-Cys(Me)- 
OFarn,  respectively,  showed  very  similar  bioactivities.  These  latter  results  indicate 
that  unlike  the  aspartame  receptor(s),  the  a-factor  receptor  does  not  exhibit 
any  absolute  topological  requirement  for  the  carboxyl  terminus  of  the  pheromone. 
It  is  likely  that  the  famesyl  group  at  the  carboxyl  terminus  serves  simply  to 
direct  the  a-factor  to  the  cell  membrane  rather  than  participating  in  a  direct 
interaction  with  the  STE3  receptor. 

Various  synthetic  peptides  have  been  useful  in  examining  the  pathway  of 
lipopeptide  biosynthesis  [4].  In  particular,  an  in  vitro  maturation  assay  has  been 
developed  which  allows  complete  maturation  of  15-peptide  and  21 -peptide 
precursors  to  mature  a-factor.  Our  results  are  consistent  with  a  pathway  where 
precursor  peptides  are  first  farnesylated  and  then  cleaved  and  methyl  esterified 
to  give  the  active  pheromone.  The  biosynthetic  pathway  for  this  yeast  sex  factor 
is  similar  to  those  uncovered  for  prenylated  mammalian  proteins  suggesting  that 
this  pathway  is  important  enough  to  have  been  evolutionarily  conserved  (Fig. 
2).  Results  to  date  indicate  that  investigations  on  the  a-factor  will  provide  insights 
into  many  aspects  of  the  biochemistry  and  biophysics  of  prenylated  proteins. 
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Post-translational  Processing  Steps 
Shared  by  RAS  and  a-Factor: 

•Isoprenylation  of  CAAX  Cysteine 
•Proteolysis  of  AAX 
•Carboxy  Methyl  Esterification 
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|  15mer 

N-tarminal 

Proteolysis 


OCH, 


Mature  a- factor 


YHKGVFWDPAC 
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Fig.  2.  Biosvntheiic  pathways  of  mature  least  pheromone,  a-factor.  and  a  mammalian  oncoprotein. 
RAS. 


Such  information  may  prove  invaluable  in  understanding  the  control  of  cell 
growth  and  proliferation  in  mammalian  cells. 
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Introduction 

Cloning  of  the  factor  responsible  for  humoral  hypercalcemia  of  malignancy 
(HHM)  has  revealed  a  new  calciotropic  hormone  [1],  parathyroid  hormone- 
related  protein  (PTHrP).  Parathyroid  hormone  (PTH)  and  PTHrP  have  limited 
amino  acid  homology  [1]  yet  interact  with  roughly  equivalent  affinity  with  the 
PTH  receptor  [2].  In  vivo,  PTH  and  PTHrP  have  equivalent  effects  on  bone 
and  kidney  [3]  and  PTHrP(!-34)amide  can  cause  hypercalcemia  [3].  The 
availability  of  two  relatively  dissimilar  peptides  interacting  with  one  receptor 
permits  a  unique  opportunity  in  SAR  studies  by  allowing  the  synthesis  of  hybrid 
peptides.  We  describe  here  one  such  study  which  indicates  that  the  SAR 
determined  for  an  antagonist  does  not  hold  true  in  the  equivalent  agonist  series. 

Results  and  Discussion 

Previous  work  on  PTH  antagonist  analogs  resulted  in  the  identification  of 
an  antagonist  peptide,  [Tyr34]bovine(b)PTH(7-34)amide  which  was  effective  both 
in  vitro  and  in  vivo  [4].  Due  to  the  similarities  in  biological  activity  between 
PTH  and  PTHrP,  the  7  to  34  peptide  of  PTHrP  was  synthesized  and  was  shown 
to  be  an  antagonist  of  PTH  and  PTHrP  [5],  However,  unlike  the  PTH  antagonist, 
PTHrP(7-34)amide  displayed  partial  agonism  in  vitro  [5]  and  in  vivo  [6]. 

Comparison  of  the  sequences  of  PTH  and  PTHrP  in  the  l  to  34  region 
demonstrates  that  truncation  to  position  7  removes  the  highest  degree  of  homology 
(five  of  the  first  six  residues)  and  that  the  remainder  of  the  peptides  are  essentially 
different  (Fig.  1). 

We  have  previously  reported  the  synthesis  of  hybrid  peptides  of  PTH-  and 
PTHrP-(7-34)  in  which  the  residues  at  positions  10  and  11  were  exchanged  be¬ 
tween  peptides  [7]-  For  PTHrP,  this  manipulation  resulted  in  a  peptide. 

5  10  15  20  25  30 

bPTH  A  V  S  E  I  QFMHNLGKHL  S  SMERVEWLRKK  I.QDVHNF 
PTHrP  AVSEHQL  LHDKGKS  1  QDLRRR  FFLHHL  I  AE  I  H  T  A 

F'%-  I-  Primarv  amino  acid  sequence  of  bPTHf  l-34)amide  and  PTHrPf  I -34)amide.  Single  letter  code 
used  for  amino  acids.  Homologous  amino  acids  are  underlined  and  bold. 
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Table  1  Effect  of  interchange  of  amino  acids  10  and  11  of  PTH  and  PTHrP  on  the  activity 
of  the  resulting  hybrid  peptide 


Analog 

Bone  (ROS  17/2.8)  cells4 

Khb  (nM) 

K,c  (nM) 

Partial  agonism4 

PTHrP(7-34)amide 

120+  30 

790  ±  220 

5 

[AsnIIJ.Leull]PTHrP(7-34)amide 

17  ±  I 

34  ±  3 

0 

[Leii1,.n-Trpi;]PTHrP(7-  34)amide 

31  ±  4 

7+  I 

0 

|Tvr'4|bPTH(  7-34  (amide 

33  000  ±  460 

9 900 ±  1100 

0 

[  Asp1",  Lvs!l. Tyr'4|bPTH(  7-34  (amide 

4  500  ±900 

>60000 

3 

1  Rat  osteosarcoma  cells. 

h  Inhibition  of  binding  of  [Nleiu\[  l:'I]-Tyr'4]bPTH(l-34)amide  to  whole  cells. 

Antagonism  of  0.3  nM  [Nlevl\  Tyr4|bPTH(  l-34)amide  stimulated  cAMP  production. 

4  Partial  agonism  is  expressed  as  percentage  stimulation  of  cAMP  produced  by  100  nM 
(Nte*  l".Tyr’4]bPTH(  l-34)amide. 


[Asn10,Leun]PTHrP(7-34)amide,  which  had  increased  potency  and  no  detectable 
agonism  [7,8],  In  contrast,  [iA:nl0,Lysll,Tyr34]bPTH(7-34)amide  was  a  weaker 
antagonist  and  displayed  partial  agonism  (Table  1)  [8].  Further  investigation 
of  the  PTHrP  peptide  demonstrated  that  the  increase  in  potency  and  removal 
of  partial  agonism  required  only  the  Leu 1 1  substitution.  This  modification  together 
with  substitution  of  o-Trp  for  Glv  at  position  12  resulted  in  an  even  more  potent 
antagonist  analog  (Table  1)  [8].  (The  i>Trp  substitution  was  previously  shown 
to  enhance  the  activity  of  both  [Tvr34lbPTH(7-34)amide  and  PTHrP(7-34)amide 

[9].) 

To  determine  whether  substitution  of  Leu11.  D-Trp12  in  the  agonist  peptide 
would  cause  a  similar  increase  in  potency  and  result  in  a  ‘super  agonist'  the 
modified  PTHrP{  1  -34)amide  peptide  was  synthesized.  This  peptide  was  examined 
for  their  biological  activity  in  kidney  (bovine  renal  cortical  membrane)  and  bone 
(human  osteosarcoma  (BIO)  cell)  assays  for  its  ability  to  stimulate  cAMP 
production  and  inhibit  radiolabeled  PTH  binding  to  its  receptor. 

In  kidney  assays,  the  potency  of  [Leun,D-Trp12]PTHrP(l-34)amide  was  de¬ 
creased  compared  to  the  unsubstituted  peptide  (Table  2).  In  the  adenylate  cyclase 
assay  this  peptide  failed  to  stimulate  cAMP  production. 

In  the  bone  cell  assays,  as  in  the  kidney,  the  substituted  peptide  behaved 
in  a  similar  way  (Table  2).  The  substituted  peptide  was  less  potent  than  the 
parent  compound  in  inhibiting  PTH  binding  and  in  stimulating  adenylate  cyclase 
activity  it  showed  partial  agonism,  reaching  a  maximum  of  20%  stimulation 
compared  to  the  parent  peptide. 

The  results  prc.  ented  above  highlight  the  differences  in  the  SAR  between 
agonists  and  antagonists.  The  substitution  of  both  Leu11  and  D-Trp12  together 
produced  a  potent  antagonist  in  the  7-34  peptide.  The  same  substitution  in 
the  1-34  peptide  resulted  in  an  analog  with  decreased  affinity  for  the  PTH  receptor 
and  which  displayed  partial  or  no  agonism.  In  the  antagonist  series  the  increased 
potency  is  possibly  explained  by  a  hydrophobic  interaction  (through  the  Leu11, 
D-Trp12)  with  the  receptor  which  does  not  occur  in  the  native  sequence.  In  the 
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Table  2  Effect  of  substitution  of  Leu11,  D-Trp12  on  agonist  activity 


Analog 

Bonea 

Kidney1 

) 

Binding0 

Adenvlate 

Binding0 

Adenylate 

(nM)  cyclase 

(%d) 

(nM) 

cyclase 

(%d) 

PTHrP(l-34)amide 

1.0  ±0.2 

100 

3.5  ±0.8 

100 

[Leu1 2 3 4 5 6 7 8 9 10 ll.D-Trpl2]-PTHrP(l-34)amide 

49  ±4 

20 

30  ±5 

0 

Human  osteosarcoma  (BIO)  cells. 
h  Bovine  renal  cortical  membranes. 

0  Inhibition  of  (Nlehls.[i:!5I]-Tyr14]bPTH(l-34)amide  binding. 

J  Maximal  stimulation  of  adenylate  cyclase  activity  achieved  by  I  /jM  peptide. 

agonist  analogs  the  presence  of  Leu11,  D-Trp12  could  promote  a  similar  interaction 
with  the  receptor  which  could  destabilize  the  prefered  structure  of  the  agonist. 
The  competition  between  the  normal  site  of  interaction  of  the  agonist  and  the 
‘hydrophobic  pocket’  contributed  by  the  Leu11,  D-Trp12  could  result  in  failure 
of  the  agonist  to  adopt  the  appropriate  structure  for  receptor  activation.  Evidence 
for  a  possible  difference  in  the  structure  between  the  agonist  and  antagonist 
has  recently  been  suggested  by  the  formation  of  cyclic  lactam  analogs  in  the 
antagonist  analogs  [101  and  the  structure  proposed  by  a  'H  NMR  study  for 
PTHrPf  l-34)amide  [11]. 
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Introduction 

Neutrophils  from  cattle  and  other  ruminants  are  endowed  with  a  unique  class 
of  large  cytoplasmic  granules  which  contain  numerous  antimicrobial  proteins 
and  peptides  [1].  These  peptides  act  as  endogenous  antibiotics  and  enable  the 
neutrophil  to  inactivate  invading  micro-organisms.  We  describe  here  the  pu¬ 
rification  and  characterization,  cDNA  cloning,  and  SPPS  of  a  novel  antimicrobial 
peptide,  indolicidin,  which  was  isolated  from  the  granules  of  bovine  neutrophils. 

Results  and  Discussion 

Using  a  standard  bactericidal  assay  for  monitoring  antimicrobial  activity  [2], 
indolicidin  was  purified  from  an  acid  soluble  fraction  of  bovine  neutrophil 
granules  by  sequential  gel  filtration  chromatography  and  RPHPLC.  The  purified 
peptide  was  estimated  to  be  2  kD  by  SDS-PAGE  and  had  a  high  Aigt/A^o 
absorbance  ratio.  The  sequence  of  the  peptide  was  determined  by  automated 
Edman  degradation,  digestion  with  carboxypeptidase  B,  and  FABMS.  The 
primary  structure  was  determined  to  be: 

H-Ile-Leu-Pro-Trp-Lys-Trp-Pro-Trp-Trp-Pro-Trp-Arg-Arg-NH2 
Fig.  1.  Primary  structure  of  indolicidin. 

Like  most  leukocyte-derived  microbicidal  peptides,  indolicidin  is  cationic, 
having  a  calculated  pi  of  >  12.5.  Unique  features  include  the  unusual  abundance 
of  tryptophan  and  proline  residues  and  the  carboxamidation  of  the  carboxyl 
terminus.  The  mole  percent  of  tryptophan  is  the  highest  of  any  known  sequence, 
and  the  carboxamidation  is  unique  among  mammalian  antimicrobial  peptides. 
A  sequence  similarity  search  revealed  no  relationship  of  indolicidin  to  previously 
characterized  polypeptides. 

Indolicidin  has  a  broad  antimicrobial  range  which  includes  gram  positive 
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■  1  1  ' 
30  40  50  60 


minutes 

Fig.  2.  HPLC  chromatograms  of  natural  and  crude  synthetic  indolicidin.  Five  pg  of  natural  or  crude 
synthetic  peptide  were  loaded  on  a  1x25  cm  Vydac  C,s  column  and  eluted  at  1.0  ml/ min  with  a 
water  f  A)/ acetonitrile  (B)  gradient  o)  0rc  to  60%  B  in  60  min.  Both  solvents  contained  0.  lnc  TFA. 


(Staphylococcus  aureus)  and  gram  negative  ( Escherichia  coli)  bacteria  and  fungi 
( Candida  albicans  and  Cryptococcus  neoformans).  In  a  2  h  incubation.  2  to  3 
logs  of  killing  of  each  organism  was  observed  with  concentrations  of  indolicidin 
as  low  as  5  pig/ml. 

An  indolicidin  cDNA  clone  was  isolated  from  a  bovine  bone  marrow  AgtlO 
library.  The  DNA  sequence  indicated  that  the  initial  translation  product  of 
indolicidin  mRNA  is  a  144-amino  acid  polypeptide.  Processing  of  the  precursor 
leads  to  the  removal  of  the  N-terminal  130  residues,  and  Gly144  donates  its  a- 
amino  group  to  form  the  arginine  carboxamide  at  the  C-terminus  of  mature 
indolicidin. 

SPPS  of  indolicidin  was  performed  using  N“-Fmoc  amino  acids.  The  tride- 
capeptide  was  assembled  several  times  on  a  polyethylene  glycol-polystyrene  (PEG- 
PS)  graft  support  [3]  using  either  of  two  linkers,  PAL  [4]  or  XAL  [5]  that 
provide  C-terminal  peptide  amides  on  acidolysis.  The  side  chains  of  arginine 
and  lysine  were  protected  with  Pmc  and  Boc,  respectively;  tryptophan  was  not 
protected.  The  peptide-resin  was  cleaved  and  deprotected  efficiently  with  Reagent 
K  (82.5%  TFA  :  5%  phenol :  5%  H20 :  5%  thioanisole :  2.5%  ethanedithiol  [6]  and 
analyzed  by  RPHPLC.  As  shown  in  Fig.  2.  crude  synthetic  peptide  was  nearly 
pure  as  indicated  by  a  single  peak  with  similar  retention  time  to  that  of  natural 
indolicidin.  More  than  100  mg  of  synthetic  indolicidin  was  purified  to  homogeneity 
by  two-dimensional  RPHPLC. 

Natural  and  synthetic  indolicidin  were  compared  by  RPHPLC,  acid-urea 
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Fig.  J.  Antibacterial  activity  of  natural  and  synthetic  indoitcidin.  Zones  of  clearing  of  E.  coli  uml 

S.  aureus  were  measured  24  h  after  loading  5  pi  samples  containing  0.05  to  1.5  pg  of  peptide  into 
agar  wells  [7], 

PAGE,  UV  spectra,  and  bioassay  (Fig.  3).  In  each  case,  the  synthetic  and  natural 
peptides  were  indistinguishable. 

References 


1  Gennuru.  R..  Dolrani.  L.  and  Romeo.  D..  Infect.  Immun..  40 ( 1983) 684. 

2.  Selsted.  M  E..  Szklarek.  D.  and  Lehrer.  R.I..  Infect.  Immun..  45(1984)  150. 

3.  Barany.  G.,  Albericio,  F..  Biancalana  S.,  Bonlems.  S.L..  Chang.  J.L.  Eritia.  R.,  Ferrer.  M.. 
Fields.  C.G..  Fields.  G.B..  Lyttle.  M.H..  Sole.  N.A..  Tian.  Z..  Van  Abel.  RJ..  Wright.  P.B.. 
Zalipskv.  S.  and  Hudson.  D.,  In  Smith.  J.A.  and  Rivier.  J.E.  (Eds.)  Peptides:  Chemistry  and 
Biology  (Proceedings  of  the  12th  American  Peptide  Symposium).  ESCOM.  Leiden.  1092.  pp. 
603-604. 

4.  Albericio.  F..  Kneib-Cordonier.  N.,  Biancalana.  S..  Gera.  L.,  Masada,  R.I..  Hudson.  D.  and 
Barany.  G.,  J.  Org.  Chem.,  55(1990)3730. 

5.  Bontems.  R.J..  Hegyes.  P..  Bontems.  S.L..  Albericto.  F.  and  Barany.  G.,  In  Smith.  J.A.  and 
Rivier.  J.E.  (Eds.)  Peptides:  Chemistry  and  Biology  (Proceedings  of  the  12th  American  Peptide 
Symposium).  ESCOM.  Leiden,  1992.  pp.  601-602. 

6.  King.  D.S..  Fields.  C.G.  and  Fields.  G.B..  Int.  J.  Pept.  Protein  Res..  36(1990)255. 

7.  Lehrer.  R.L.  Rosenman,  M..  Harwig,  S.S.L.,  Jackson,  R.  and  Eisenhauer.  P..  J.  Immunol. 
Methods.  137(1991)  167. 


907 


Synthesis  and  characterization  of  tick  anticoagulant 

peptide 


Victor  M.  Garsky,  Patricia  K.  Lumma,  Lloyd  Waxman,  George  P.  Vlasuk. 
James  A.  Ryan,  Daniel  F.  Veber  and  Roger  M.  Freidinger 

Merck  Sharp  &  Dohme  Research  Laboratories.  West  Point.  PA  19486.  U.S.A. 


Introduction 

It  is  well  known  that  ticks  contain  anticoagulant  factors  in  their  saliva  which 
help  maintain  blood  flow  during  feeding  [1],  A  recent  report  from  these 
laboratories  described  the  isolation,  characterization  and  biological  properties 
of  a  60  amino  acid  polypeptide  serine  protease  inhibitor,  tick  anticoagulant  peptide 
(TAP),  from  the  tick  Ornithidoros  moubata  [2].  The  polypeptide  was  shown  to 
have  3  cystine  bridges  (Fig.  1).  TAP  has  limited  homology  to  the  Kunitz-tvpe 
inhibitors,  but  unlike  this  class  of  inhibitors,  TAP  is  a  selective  inhibitor  of 
blood  coagulation  factor  Xa  (fXa)  with  no  observed  inhibition  of  a  number 
of  other  serine  proteases  including  trypsin  [2].  The  activated  serine  protease 
fXa  plays  a  key  role  in  the  coagulation  cascade,  since  it  catalyzes  the  formation 
of  thrombin  from  prothrombin  following  the  assembly  of  the  prothrombinase 
complex  on  an  appropriate  phospholipid  surface.  The  observed  specificity  and 
high  potency  of  TAP  make  it  useful  in  the  evaluation  of  the  role  of  fXa  as 
a  target  for  anticoagulant  therapy. 

To  confirm  the  structure  of  TAP.  its  total  chemical  synthesis  (Fig.  21  was 
initiated  by  automated  of  the  proposed  sequence  utilizing  many  of  the  techniques 
which  we  reported  for  the  synthesis  of  the  multi-disulfide-bridged  49-peptide, 
echistatin  [3].  TAP  has  two  tryptophan  residues,  both  of  which  were  introduced 
without  side-chain  protection.  We  believe  that  our  use  of  the  scavengers 
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Boe-Ilc-PAM-Rcsin 

1.  Deblocking  and  neutralization 

2.  Coupling  of  protected  Boc  amino  acids  as 
symmetrical  anhydrides  (Arg,  Asn,  His,  as 
HOBT  esters). 

1 ' 

H-T>r; . lle^-PAM  Resin 

Protected  TAP  Resin  |Cys(4-McBzl),  Glu(cHex),  Scr(Bzl).  Arg(Tos),  Lys(Cl-Z).  Thr(Bzl). 
Asp(cHcx),  Tyr(Br-Z),  His(Bom)] 


1.  HF,  0°,  1.5  Hr.  (p-crcsol/p-thiocrcsol) 

2.  Air  oxidation  in  0.1  M  NH^OAc,  pH  8.0. 

■r 

Cyclic  TAP  (crude) 


1.  RPLC,  Q,  0.1%  TFA/CHjCN 

2.  RPLC.  CIS,  0.1%  NH^HCOyCHjCN 

1 ' 

TAP.  >  98%  pure. 

fig.  1  Synthetic  route  tor  TAP. 

dithioerythritol  and  anisole  in  our  TFA  deblocking  solution  helped  to  prevent 
undesired  alkylation  of  tryptophan.  A  comparative  synthesis  of  TAP  using 
unblocked  tryptophan,  in  which  scavengers  were  not  used  in  the  TFA  deblocking 
solution,  showed  a  70%  decrease  in  yield  of  final  product.  Use  of  N'Mormyl 
protected  tryptophan  offered  no  advantage  in  yield  relative  to  the  scavenger 
mediated  synthesis  described  above.  After  HF  treatment,  the  crude  reduced 
product  was  subjected  to  air  oxidation  as  described  earlier  [3],  The  crude  product 
was  purified  by  preparative  HPLC  on  a  C4  and  C|S  reverse  phase  support  (Fig. 
2).  Characterization  by  HPLC,  capillary  electrophoresis,  amino  acid  composition, 
sequence  analysis  and  mass  spectroscopy  confirmed  the  identity  and  high  degree 
of  purity  (>98%)  of  the  final  product.  Comparison  of  native  and  synthetic 
TAP  on  the  human  fXa  assay  [2]  showed  the  two  to  be  biologically  indistin¬ 
guishable  (IC50  =  0.280  nM).  The  chemically  synthesized  peptide  was  also  shown 
to  be  identical  in  its  chemical  and  biological  properties  with  recombinant  material 
secreted  by  S.  t  erevtsiae  [4],  However,  co-injection  of  purified  native  and  synthetic 
TAP  on  analytical  HPLC  showed  the  two  to  have  different  retention  times, 
clearly  demonstrating  that  the  two  were  not  identical. 

A  number  of  studies  were  undertaken  to  identify  the  chemical  difference 
between  the  two  compounds.  Possible  differences  in  disulfide  pairing  were 
investigated  by  reduction  and  reoxidation  of  both  native  and  synthetic  TAP. 
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Table  1  Effect  of  TAP  on  inhibition  of  human  fXa 


Peptide 

ICso  (nM) 

n-TAP-1 

0.300 

s-TAP-1 

0.280 

s-TAP-1  (amide) 

1.53 

s-TAP-2 

0.498 

These  experiments  demonstrated  that  a  commor  reduced  intermediate  was  not 
formed  and  the  final  reoxidized  products  were  still  chromatographically  separable. 
The  C-terminal  carboxamide  form  of  TAP  was  also  synthesized,  but  it  did  not 
correspond  to  native  TAP.  During  the  course  of  our  investigations  our  supply 
of  native  TAP-1  was  exhausted  and  additional  preparation  from  an  alternative 
species  of  tick  produced  a  new  product.  TAP-2,  which  on  sequencing  was  shown 
to  differ  from  TAP-1  by  4  amino  acids  (Fig.  1).  Chemical  synthesis  of  TAP- 
2  helped  establish  that  the  relative  difference  between  native  and  synthetic  peptide 
was  the  same  for  TAP-1  and  TAP-2.  The  possibility  of  post-translational  mod¬ 
ifications  other  than  amide  was  explored.  FT-IR  spectroscopy  suggested  that 
the  native  product  was  modified  as  a  phosphate  ester  with  absorbances  at  1074 
and  917  cm-'  observed  in  a  difference  spectrum  of  native  TAP-2  vs.  synthetic 
TAP-2.  The  presence  of  monophosphorylation  was  further  confirmed  by  matrix- 
assisted  laser  desorption  mass  spectrometry  for  both  TAP-1  and  TAP-2. 

The  chemical  synthesis  of  natural  products  often  serves  as  proof  of  native 
structure.  Availability  of  synthetic  TAP  has  been  instrumental  in  defining  the 
structure  of  the  native  product. 
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Introduction 

Interleukin-8  (IL-8)  is  a  family  of  small  basic  proteins  which  have  potent 
chemotactic  activity  for  neutrophils.  IL-8  is  released  from  monocytes  and  other 
several  types  of  cells  in  response  to  inflammatory  stimuli.  In  1989,  a  similar 
chemotactic  factor  for  neutrophils  was  isolated  from  the  rat  kidney  epithelioid 
cell  line  (NRK-52E)  stimulated  by  interleukin  \(i,  tumor  necrosis  factor-a  and/ 
or  lipopolvsaccharide  [1].  This  cvtokine-induced  neutrophil  chemoattractant 
(CINC)  was  found  to  be  a  dimer  of  identical  subunits.  The  primary  structure 
was  determined  to  be  a  72  amino  acid  peptide  having  four  cysteine  residues 
(Fig.  1).  showing  sequence  homology  with  several  other  IL-8  families  involved 
in  inflammation  [2],  In  the  present  study,  we  report  the  synthesis  of  CINC  by 
the  solution  procedure  applying  our  maximum  protection  strategy  [3]  and  the 
determination  of  the  disulfide  structure  of  this  peptide. 

Results  and  Discussion 

The  fully  protected  peptide  was  assembled  from  ten  segments,  each  of  which 
was  synthesized  in  the  form  of  Boc-peptide-OPac  by  stepwise  elongation 
procedure  starting  from  amino  acid  Pac  ester.  The  functional  side  chains  were 
protected  by  Bzl  for  Ser  and  Thr,  BrZ  for  Tvr.  cHex  for  Asp  and  Glu.  C1Z 
lor  Lvs,  Tos  for  Arg.  Bom  for  His  and  Acm  for  Cys.  Each  segment  was  coupled 
using  water-soluble  carbodiimide  (WSCI)  in  the  presence  of  HOBt  or  HOOBt 

10  20 

Ala-Pro-Val-Ala-Asn-Glu-Leu-Arg-Cys-GIn-Cys-Leu-GIn-Thr-Val-Ala-Gly-lle-His-Phe- 

30  40 

Lys-Asn-lle-GIn-Ser-leu-Lys-Val-Met-Pro-Pro-Gly-Pro-His-Cys-Thr-GIn-Thr-Glu-Val- 

50  60 

lle-Ala-Thr-Leu-Lys-Asn-Gly-Arg-Gtu-Ala-Cys-Leu-Asp-Pro-Glu-Ala-Pro-Met-Val-Gln- 

70 

Lys-lle-Val-GIn-Lys-Met-Leu-Lys-Gly-Val-Pro-Lys 
h?  I  Primary  structure  of  CISC. 
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Z-(1-7)-0Pac- 


(— (1-17) 
Boc-(8-17)-OPac  — > 

Boc-(18-24).OPac-j_ 
Boc-(25-31)-OPac-J 
Boc-(32-39)-OPac 
Boc-(40-47,-OPac  J-^32'47) 

Boc-(48-54)-OPac - - 

Boc-(55-57)-OPac 
Boc-(58-64)-OPac  -H55'64) 
Boc-(65-69)-OPac 
Boc-(70-72)-OBzl 


'J-(6S-72) 


Fig.  2.  Synthesis  of  protected  CISC. 


Z-(1-72)-OBzi~| 


as  additive  (Fig.  2).  During  the  synthesis,  low  solubility  was  encountered  with 
the  segment  58-64.  However,  on  further  elongations  toward  the  N-terminus  by 
reaction  with  55-57  and  48-54,  successively,  the  resulting  product  48-64  turned 
out  to  be  soluble  in  ordinary  organic  solvent  and  the  Pac  group  could  be  smoothly 
removed.  The  solubility  problem  was  also  encountered  with  the  final  coupling 
reaction,  in  which  only  DMSO  was  used  as  a  solvent. 

The  final  protected  peptide  thus  obtained  was  treated  with  HF  in  the  presence 
of  p-cresol  and  cysteine  at  -2  to  -4°C  for  60  min.  Cysteine  was  added  in  the 
HF  reaction  to  suppress  the  side  reaction  caused  by  reactive  formaldehyde 
generated  from  the  Bom  group  during  the  HF  reaction  as  reported  previously 
[4],  After  purification  of  the  crude  product  by  RPHPLC,  the  remaining  Acm 
groups  were  removed  by  mercuric  (II)  acetate  procedure.  The  free  peptide  was 
then  subjected  to  air  oxidation,  for  which  redox  reagents  such  as  GSH/GSSG 
had  to  be  added  to  accelerate  the  disulfide  bond  formation.  The  target  product 
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Fig.  3.  HPLC  and  CZE  of  synthetic  and  natural  CINC.  Conditions  for  HPLC:  Column:  YMC-Pak 
I -30*  (4.4  •  130  mm)  Fluent  20-61)' :  \feCS/n  I  \f  SaCI  (pH  2.4)  Flowrate:  1. 0  ml/nun.  Conditions 
)or  CZE:  Capillary:  72  cm  <30  cm  to  detector)  <30  a m  i  d.  fused  silica.  Buffer:  20  mM  sodium  i urate 
(pH  2. 3).  at  22  k  V  Detection:  200  nm. 
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APVANELR  CQCL0TVAG1HFK  N10SLK  VMPPGPHCTOTEVIATLK 


NGR  EaCLDPEAPMVQK  IVQK  MLK  GVPK 


t7 


Fig.  4.  Tryptic  peptide  mapping  of  synthetic  CISC 


was  regenerated  at  over  80%  yield  in  the  reaction  mixture  from  reduced  peptide 
on  RPHPLC  and  was  purified  to  homogeneity  by  CM-cellulose  chromatography 
followed  by  RPHPLC. 

The  synthetic  peptide  was  compared  with  the  natural  product  by  RP-,  IEX- 
HPLC  and  CZE,  and  found  to  be  identical  to  it  as  shown  in  Fig.  3. 

The  ability  of  the  synthetic  peptide  to  activate  rat  neutrophil  was  measured  in 
an  assay  for  chemotaxis;  the  potency  was  the  same  as  that  of  the  natural  product. 

In  order  to  determine  the  disulfide  structure  of  CINC,  synthetic  peptide  was 
digested  by  trypsin  in  0.1  M  ammonium  acetate  buffer  at  pH  6.5.  As  shown 
in  Fig.  4,  seven  fragments  were  isolated  and  subjected  to  AAA.  The  major  peak 
T7  was  found  to  be  composed  of  three  tryptic  peptides,  residues  9-21.  28-45 
and  49-61,  which  were  linked  by  two  disulfide  bonds.  Thus,  two  possibilities 
can  be  considered  for  the  disulfide  structure  in  the  CINC  molecule:  (A)  Cys9- 
Cys35  and  Cysn-Cys51,  and  (B)  Cys9-Cvs51  and  CysH-Cys35.  To  confirm  this. 
T7  was  divided  into  two  cystine  peptides  by  single-step  Edman  degradation. 
The  results  showed  that  one  was  linked  between  9  and  29-45  and  the  other 
between  10-21  and  50-61,  as  shown  below,  clearly  indicating  that  T7  has  an 
(A)-type  disulfide  structure. 


Cys9 

Gin10  — 

Cys11 - 

- Lys2 

Met29 -  Cys35  - 

- Lys45 

Ala50  - 

Cys51 - 

- Lvs6 

From  these  results,  we  concluded  that  disulfide  bonds  in  the  CINC  molecule 
are  formed  between  Cys9  and  Cys35  and  between  Cys11  and  Cys51. 
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Introduction 

Interaction  of  fibrinogen  (Fg)  with  its  receptor  on  platelets  elicits  platelet 
aggregat>orL  a  primary  event  in  thrombus  formation.  Inhibition  of  this  interaction 
can  be  accomplished  by  peptides  containing  Arg-Gly-Asp  (RGD),  the  putative 
binding  sequence  of  the  endogenous  ligand  Fg  [1].  Recently,  we  described  several 
RGD  containing  peptides,  4-7  residues  in  length,  which  bind  to  the  Fg  receptor 
and  effectively  inhibit  platelet  aggregation  at  low  nanomolar  concentrations  [2], 
These  structures,  however,  showed  only  limited  selectivity  for  the  Fg  receptor 
on  platelets  over  other  adhesive  protein  receptors  such  as  those  for  vitronectin 
(Vn),  fibronectin  (Fn)  and  Fg  on  non-platelet  cells.  This  low  selectivity  has  the 
potential  to  present  problems  in  the  clinical  development  of  one  of  these  analogs 
as  an  antithrombotic  agent.  We,  therefore,  carried  out  additional  structure 
modifications  on  these  antagonists  in  the  hope  of  attaining  selectivity  for  the 
receptor  on  platelets. 

Results  and  Discussion 

Several  linear  and  cyclic  RGD  containing  Fg  receptor  antagonists  with  high 
potency  for  platelet  aggregation  inhibition  have  been  described  [2].  As  shown 
in  Table  1,  sub-micromolar  potencies  have  been  obtained  with  linear  and  cyclic 
analogs  of  various  sizes.  In  fact,  analogs  5  and  7  exhibit  potencies  similar  to 
that  of  the  most  potent  known  Fg  receptor  antagonist  echistatin  (13),  a  49- 
residue  peptide  isolated  from  snake  venom  [4],  In  addition  to  determining 
interaction  with  the  platelet  integrin,  we  examined  these  analogs  for  binding 
to  other  integrins  such  as  those  for  Fg,  Vn,  and  Fn  which  are  abundant  on 
human  umbilical  vein  endothelial  cells  (HUVEC)  [5],  As  can  be  seen  in  Table 
1,  selectivities  of  analogs  1-7  ranged  from  0.6-  to  50-fold  for  the  platelet  receptor 
compared  to  two  of  the  HUVEC  receptors  (somewhat  higher  when  compared 
to  the  Fn  receptor).  These  data  allowed  us  to  conclude  that  constraining  the 
RGD  sequence  into  different  conformations  by  forming  various  cyclic  analogs 
has  only  a  limited  effect  on  selectivity.  It  is  also  noteworthy,  that  the  cyclic 
7-residue  analog  4  which  does  not  interact  with  the  platelet  receptor  at  a 
concentration  of  100  also  shows  no  higher  affinity  for  the  other  integrins. 
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Table  1  Platelet  aggregation “  and  HUVEC  attachment  [4]  inhibition  of  RGD  analogs b 


Com¬ 

pound 

Structure 

IC» 

(mM) 

Platelet 

HUVEC  attachment 

aggregation 

Fg 

Vn 

Fn 

1 

RGDW-OH 

1.7 

34 

14 

27 

2 

guamdovaleryl-GDW-OH 

0.24 

2.0 

2.1 

22 

3 

Ac-CRGDC-OH 

0.68 

0.31 

0.85 

>  10 

4 

Ac-CPRGDFC-NH; 

100 

>  300 

>  300 

■300 

5 

Ac-CN-Dtc-RGDC-OH 

0.040 

0.024 

0.081 

>30 

6 

Ac-CRGDWPC-NH- 

0.48 

0.65 

0.99 

4.1 

7 

c(Aha-RGDWP) 

0.031 

1.9 

1.6 

4.5 

8 

Aha-GDW-OH 

0.092 

>30 

>30 

>30 

9 

Aoa-GDW-OH 

0.090 

>300 

>300 

>300 

10 

c(Aha-hK-GDWP) 

0.035 

>  100 

>100 

>  100 

11 

Ac-CN-Dtc-hK-GDC-OH 

0.022 

>100 

>100 

>  100 

12 

Ac-CN-Dtc-Amf-GDC-OH 

0.026 

>100 

100 

>100 

L-367,073 

13 

Echistatin 

0.033 

0.00045 

0.00072 

0.0078 

'  Potencies  were  determined  as  inhibition  of  F-'g  (0.1  mg/ml)  elicited  aggregation  of  ADP  (10  /u.Ml 
activated  human  gel  filtered  platelets. 

h  Chemical  syntheses  were  carried  out  by  the  solid  phase  method  using  an  ABI  430A  instrument; 
products  were  isolated  as  acetate  salts  after  reaction  with  HF.  disulfide  formation  by  F  or  air 
oxidation  and  purification  by  HPl.C;  analogs  were  characterized  bv  FABMS.  AAA.  NMR  and 
HPI.C  (  >97fT  pure.  AIJC  (5,210  nnn;  for  details  large-scale  synthesis  of  L-367.073.  see  ref.  3. 

Dtc  =  5.5-dimethylthiazolidine-4-carboxylic  acid.  Aha  =  7-aminoheptanoic  acid.  Aoa  —  8-amino- 
octanoic  acid,  hK  =  homolvsine.  Am!  =  p-ammomethylphenylalanine. 


This  cyclic  constraint,  in  fact,  seems  to  force  effectively  the  RGD  sequence  into 
a  conformation  which  now  is  inaccessible  to  the  binding  pocket  of  any  of  the 
tour  integrins  described  herein.  The  apparent  minimal  effect  on  selectivity 
observed  upon  structure  modifications  peripheral  to  the  RGD  sequence  prompted 
us  to  look  closer  at  the  RGD  sequence  itself.  The  arginine  residue  seemed  to 
be  a  likely  target  for  change  since  prior  studies  showed  that  this  residue  of 
the  triad  was  amenable  to  structure  changes  without  severe  loss  in  potency  [2], 
Using  guanidovaleryl-GDW  (2)  as  the  lead  structure,  the  guanidoalkvl  group 
was  replaced  with  primary  amines  of  various  chain  lengths.  Acylation  of  GDW 
with  5-aminovaleric  acid  and  6-aminohexanoic  acid  resulted  in  analogs  which 
retained  platelet  aggregation  inhibitory  potencies  (IC?0’s  of  10  and  1.8  mM- 
respectively)  indicating  that  a  primary  amine  was  a  suitable  replacement  for 
the  guanido  functionality  and  could  serve  as  the  important  cationic  binding 
element  in  Fg  receptor  antagonists.  Further  chain  elongation  of  the  alkvlamine 
to  7-  aminoheptanovi  and  8-aminooctanoyl  groups  resulted  in  additional  potency 
enhancement  as  illustrated  by  analogs  8  and  9.  In  addition  to  high  potencies 
observed,  the  primary  amine  containing  analogs  also  exhibit  selectivities  for  the 
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platelet  receptor  which  were  dramatically  higher  than  for  those  containing  the 
guanido  group. 

a-Amino  acids  with  side  chains  having  primary  amines  with  optimal  chain 
length  and/or  conformational  constraints  were  used  as  replacements  for  Arg 
in  the  potent  cyclic  analogs.  Homolysine,  which  corresponds  to  aminoheptanoic 
acid  in  chain  length  from  carboxyl  to  amine,  when  incorporated  into  analogs 
7  and  5,  resulted  in  the  highly  potent  analogs  10  and  11,  respectively.  Constrained 
lysine  analogs,  which  had  been  shown  to  he  effective  probes  for  placement  of 
the  lvsine-9  amino  group  in  somatostatin  derivatives  [6],  were  used  as  replacement 
for  homolysine  in  analogs  10  and  11.  Among  these  structures,  p-aminomethyl- 
phenvlalanine  (Amf),  when  incorporated  into  11,  resulted  in  the  very  potent 

and  selective  disulfide  cvclized  heptapeptide  Ac-Cys-Asn-Dtc-Amf-Gly-Asp-Cys- 
OH  (12,  L-367,073),  which  has  been  chosen  for  in-depth  in  vivo  study. 

RGD  containing  Fg  receptor  antagonists  have  been  modified  to  give  potent 
and  selective  antagonists.  High  selectivity  for  the  platelet  receptor  over  other 
integrins  has  been  achieved  by  replacement  of  the  guanido  group  of  Arg  with 
a  primary  amine  of  appropriate  chain  length.  Several  analogs  exhibit  low 
nanomolar  platelet  aggregation  inhibitory  activities  and  show  >  3000-fold  se¬ 
lectivity  for  the  platelet  receptor  when  compared  to  three  other  integrins.  A 
cyclic  heptapeptide  (L-367,073)  has  been  chosen  for  development  as  a  potentially 
useful  antithrombotic  agent. 
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Introduction 

Cystine  can  be  used  as  a  molecular  tool  in  the  design  of  analogs  of  cyclic 
peptides  since  it  can  covalently  cross-link  different  sub-units  restricting  the 
conformational  space  of  these  molecules.  Such  an  approach  has  been  illustrated 
in  the  design  of  the  cyclic  peptide  I  which  possesses  some  of  the  functional 
properties  of  the  antibiotic  valinomycin  (Fig.  1). 

The  sequence  of  I,  was  chosen  in  light  of  the  theoretical  predictions  [1,2] 
so  that  it  had  a  high  probability  of  adopting  a  /?-turn  conformation. 

Results  and  Discussion 


Bis-cysteine  peptide  I  can  be  unequivocally  synthesized  by  using  S-9-fluor- 
envlmethyl  and  S-acetamidomethyl  protecting  groups  for  the  thiol  function  of 
cysteine.  The  first  disulfide  bond  in  the  N-terminal  position  is  formed  upon 
treatment  with  piperidine-DMF.  In  the  formation  of  the  second  disulfide  bond, 
iodine  is  preferable  to  T1(TFA)3,  since  this  last  oxidant  promotes  the  formation 
of  an  intrachain  disulfide  bond  (molar  ratio  monomer/dimer  =  5). 

The  'H  NMR  and  l3C  NMR  data  were  acquired  in  DMSO-d6  and  CF3CN- 
d3.  In  both  solvents,  the  'H-  and  13C  NMR  spectra  were  found  to  contain  only 
one  set  of  signals.  The  ROE  or  NOE  cross-peaks  between  the  H°  Cys1  and 
both  H5  of  Pro2  and  the  chemical  shift  of  C0  and  O  of  Pro2  confirm  that 
the  amide  bond  between  Cys1  and  Pro2  is  trans. 


- s 

VAUN0MYC1N:K+  COMPLEX 


Cys 


Pro. 


;  D-Val 


,S 


Cys 
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Cys 


Pro. 
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CYCLIC  PEPTIDE  I 


Fig  I.  Structures  of  valinomycin:  K‘  complex  and  cyclic  peptide  l. 
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Table  1  Binding  constants0  of  the  complexes  of  I  with  perchlorate  salts  in  acetonitrile 


Ion 

Diameter 

(A) 

log  (K|)±  olog(K|) 

log  (K|K|/2)±  olog  (K|K,/2) 

Lr 

1.20 

2.60  ±0.04 

_ 

Na- 

1.96 

2.11  ±0.04 

Mg2T 

1.30 

4.07  ±0.07 

_ 

Ca-* 

1.98 

3.21  ±0.10 

6.86  ±0.11 

Sr-’* 

2.24 

4.96  ±0.10 

9.02  ±0.22 

Ba-* 

2.70 

9.09  ±2.58 

16.21  *5.07 

Temperature  =  2()'C 


ROEs  were  observed  in  DMSO-d„  between  H"  ProVNH  D-Val\  NH  D-ValV 
NH  Cvs4,  and  H"  n-Val'/NH  Cvs4.  These  ROEs  and  the  low  temperature 
coefficient  ot  the  NH  of  Cvs4  are  in  agreement  with  the  short  distances  and 
the  intramolecular  hydrogen  bond  expected  for  a  type  II  /3-turn  structure  which 
is  conserved  upon  complexatton  of  I  with  Na+  (K.Naa  —  435. 7  ±0.5  M*1)  in  this 
solvent.  The  cross-peaks  outlined  above  were  also  observed  in  CH3CN-d3,  but 
in  this  case  the  high  temperature  coefficient  of  the  NH  of  Cys4  suggests  an 
open  /3-turn  structure. 

The  CD  spectra  of  I  in  MeOH  or  H:0  showed  features  consistent  with  some 
of  the  general  characteristics  of  the  CD  spectra  of  unordered  peptides.  The  lack 
of  a  discernible  regularity  in  the  conformation  of  I  in  these  solvents  is  corroborated 
by  the  insensitivity  of  the  CD  spectra  to  the  addition  of  SDS  or  urea  to  the 
water  solution  or  upon  temperature  variations  in  MeOH.  In  CH,CN  or  TFE. 
the  CD  spectra  resemble  Class  C’  spectra,  which  was  predicted  for  type  II  /3- 
turn  conformers  with  'RPro  in  the  70°  to  90°  range  [3]. 

Titration  curves  obtained  from  CD  in  CH3CN  solutions  of  alkali  metal  and 
alkaline  earth  metal  cations  were  used  in  combination  with  the  squad  [4]  computer 
program  to  calculate  the  binding  constants  of  the  bound  species  (Table  1).  The 
ion-binding  properties  of  I  were  also  evaluated  when  the  peptide  was  anchored 
on  a  solid  support.  The  binding  constant  in  this  case,  KNa+  =  5200  M’1  (20°C), 
was  calculated  from  the  spectrophotometric  determination  of  the  free  picrate 
salt  after  equilibration  with  the  immobilized  peptide  in  TFE. 
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Introduction 

Didemnins  (A.  B,  C,  D.  and  E),  isolated  from  Trididemnum  so/u/um.  were 
found  to  exhibit  a  variety  of  biological  activities  in  vivo  and  in  vitro  such  as 
antiviral,  antitumor,  and  immunosuppressive  activities  [  1 .2],  The  unusual  feature 
ot  didemnins  is  that  they  are  simple  N"-substituted  derivatives  of  didemnin  A 
(DA)  and  exhibit  tremendous  variation  in  their  biological  activity.  Recently, 
based  on  the  hydrophobic  structure  of  didemnin  B  (DB)  and  its  pleiotropic 
effects  on  cellular  metabolism,  the  plasma  membrane  has  been  proposed  as  a 
potential  site  of  action  [3],  We  reasoned  that  increasing  the  lipophilicity  of  the 
DA  might  raise  its  solubility  in  the  membrane  and  thereby  increase  its  activity. 
Since  N"-acetvl  DA  synthesized  earlier  in  this  laboratory  was  found  to  be  about 
as  active  as  DB  (now  undergoing  clinical  trials),  we  decided  to  add  hydrophobic 
groups  consisting  of  acyl  chains  with  3,  5,  6.  8.  12.  16,  and  18  carbons  at  the 
A'-methyl-o-leucine  unit  of  DA  and  study  their  effect  on  cytotoxic  and  antiviral 
activities. 

Results  and  Discussion 

Synthesis  of  N"-acvl  analogs  was  carried  out  in  a  manner  described  earlier 
[1],  They  were  characterized  using  ‘H  NMR  and  HRFABMS.  As  evident  from 
the  results  at  25  ng/mL  (Table  1),  although  C,,  C5.  C6  and  CK  derivatives  retained 
the  full  cytotoxicity  of  DB.  Ci:,  C(h,  and  C,*  derivatives  on  the  contrary  turned 
out  to  be  completely  inactive.  At  a  lower  concentration  such  as  5  ng/mL.  however, 
only  C,  and  Cs  derivatives  exhibited  activity  equivalent  to  that  of  DB,  whereas 
C?  and  Cft  derivatives  were  slightly  less  active  than  DB.  The  biological  activity 
profile  of  the  C,  derivative  looked  more  or  less  like  that  of  DB  even  at  lower 
concentrations. 

These  results  clearly  suggest  that  the  hvdrophobicitv  of  the  C,  C?,  C6,  and 
Cs  derivatives  appears  to  be  sufficient  for  them  to  be  partitioned  into  the 
membrane.  The  loss  of  activity  in  C):,  Cih,  and  C|S  derivatives  may  be  attributed 
either  to  their  last  degradation  by  cells  or  to  changes  in  the  conformation  of 
DA  induced  by  the  long  hydrophobic  chains.  However,  it  must  be  systematically 
investigated  before  a  definitive  conclusion  can  be  reached.  Thus,  derivatization 
of  /V-methvl-D-leucine  of  DA  significantly  affects  the  cytotoxicity  of  didemnins 
and  considerable  modification  can  be  made  at  that  position  to  get  agents  of 
therapeutic  importance.  The  antiviral  activity  of  N“-acvlated  congeners  (Table  I) 
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Table  1  Cytotoxicity  and  antiviral  activity  of  didemnins 


Compounds* 

Cytotoxicity 

per  cent  L1210  inhibition 
dose(  ng/mL) 

Antiviral  activity 
against  HSV-I 
dose  (ng/well) 

25 

12.5 

5 

2.5 

100 

10 

Na-Propionyl-DA 

95 

95 

93 

89 

+  + 

+  /- 

N“-Pentanovl- 

91 

81 

56 

25 

+ 

_ 

N°-Hexanovl- 

92 

89 

73 

69 

4- 

_ 

N"-Octanovl- 

94 

93 

89 

13 

_ 

_ 

Didemnin  A 

25 

19 

0 

0 

_ 

Didemnin  B 

95 

95 

93 

89 

4-  4-  -4- 

N"-Acetvl-DA 

94 

93 

89 

38 

r  +  + 

-r  /- 

J  Data  tor  inactive  stearovl.  palmitovi.  and  taurovl  derivatives  are  not  included. 


is  expressed  as  inhibition  in  plaque  formation.  Except  for  the  Cy  derivative, 
which  retained  a  high  order  of  antiviral  activity,  the  rest  of  the  congeners  were 
found  to  be  either  partially  or  completely  inactive.  This  result  suggests  that 
a  significant  increase  in  lipophilicity  of  DA  can  give  a  complete  loss  of  activity 
and  that  derivatives  with  acetyl  and  propionyl  groups  may  have  the  optimal 
hydrophobicity  required  for  getting  a  high  order  of  antiviral  response. 
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Introduction 

The  atrial  natriuretic  peptides  (ANPs)are  a  family  of  peptide  hormones  released 
from  atrial  cardiocytes  in  response  to  increases  in  central  venous  pressure  [1- 
3].  They  are  intimately  involved  in  the  regulation  of  blood  pressure  and  fluid 
volume  status,  and  for  this  reason  have  attracted  recent  attention  as  possible 
therapeutic  agents  [4,5],  We  have  previously  reported  studies  [6]  which  identify 
the  critical  elements  responsible  for  the  biological  actions  of  ANPs,  and 
demonstrated  that  these  elements  may  be  combined  to  produce  a  family  of  small 
ANP  agonists,  typified  by  A62555.  Unlike  other  previously  reported  classes  of 
small  ANP  agonist,  A62555  and  its  congeners  bind  to  both  major  classes  of 
ANP  receptors,  and  trigger  the  full  range  of  in  vitro  and  in  vivo  responses. 

In  the  course  of  structure-activity  studies  on  this  lead  series  we  have  uncovered 
two  structural  modifications  which  lead  to  improvements  in  potency.  Interes¬ 
tingly,  both  modifications  expand  the  cyclic  portion  of  the  molecule.  Further 
‘■tudics  on  these  two  new  lead  compounds  provide  additional  boosts  in  activity, 
and  highlight  several  important  features  of  the  molecules. 

Results  and  Discussion 

A62555,  like  ANP[l-28],  is  extremely  susceptible  to  protease  cleavage  (Fig. 
1).  In  an  attempt  to  stabilize  the  molecule  we  focussed  on  the  two  Cys-Phe 
bonds,  which  are  potential  atriopeptidase  (E.C.  3.4.24. 1 1 )  sites.  Neither  insertion 

insert  expand 


H^t-ser-ser-cys-phe-gly-gly-arg-ile-asp-arg-ile-cys-phe-arg-OH  A625SS 

/  \ 

(D)ala7a[ANP  5-15]cys-phe-arg  [ANP  5-15]ph8-arg-cys 

A64822  A63740 

Pit;.  !  Strut  litres  of  various  ANP  analogs. 
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of  a  D-Ala  to  break  up  the  first  scissile  site,  or  incorporation  of  the  C-terminal 
dipeptide  into  the  ring  to  protect  the  second,  provided  any  additional  stabilization. 
Both  substitutions  did,  however,  lead  to  more  potent  analogs.  Other  D-amino 
acid  substitutions  at  position  ‘7a’  give  similar  3- 15-fold  increases  in  activity, 
as  does  glycine. 

SAR  studies  in  these  two  new  series  generally  parallel  each  other,  as  well 
as  previous  studies  of  larger  analogs.  Changes  in  the  N-terminal  region  have 
relatively  little  effect  on  binding  affinities. 

In  line  with  previous  studies,  Phe1 2 3 4 5 * * 8 *  proves  to  be  a  critical  residue.  While  Trp 
and  N-MePhe  are  acceptable  replacements,  all  other  substitutions,  including  Tvr. 
led  to  dramatic  decreases  (15-20-fold)  in  potency.  Attempts  to  rigidifv  Gly910 
met  with  limited  success.  A  variety  of  linear  and  bent  spacers  are  tolerated; 
none  provides  a  noticeable  advantage. 

Replacement  of  Arg11  by  citrulline  or  of  Arg14  by  alanine  reduces  activity 
10-fold.  Removal  of  the  side  chain  of  the  terminal  arginine  or  replacement  with 
lysine  decrease  activity  7-  and  14-fold,  respectively,  suggesting  not  only  that 
the  residue  is  required,  but  that  the  guanidine  moiety  is  the  critical  element. 
The  latter  result  is  not  simply  an  effect  of  chain  length;  when  the  lysine  e-amine 
is  converted  to  guanidine  the  activity  returns. 

Replacement  of  either  Asp13  or  the  C-terminal  Phe  has  little  effect  on  potency 
in  our  binding  assay.  Interestingly,  none  of  these  peptides  shows  a  significant 
level  of  in  vivo  activity.  We  have  determined  that  these  residues  are  critically 
involved  in  the  signal  transduction  process  for  the  guanvlate  cyclase-coupled 
receptor;  in  fact,  compounds  perturbed  at  these  amino  acids  act  as  ANP 
antagonists.  Replacement  of  residues  11-13  with  the  H-bond  mimic  cycIo[Lys- 
Ile-Asp)  provides  a  substantial  boost  in  binding  potency. 

We  have  demonstrated  that  it  is  possible  to  improve  the  activity  of  a  series 
of  small  ANP  analogs  by  expanding  the  disulfide-linked  ring;  this  may  be 
accomplished  without  adding  additional  amino  acids  by  simply  incorporating 
the  C-terminal  tail.  Structure-function  studies  highlight  a  number  of  critical 
residues;  through  appropriate  substitution  it  is  possible  to  improve  the  biological 
activity  of  the  analogs  even  further. 
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Introduction 

Myristoiated  alanine-rich  C  kinase  substrate  (MARCKS)  protein  is  one  of 
the  most  easily  recognized  of  the  few  known  in  vivo  cellular  substrates  for  protein 
kinase  C  (PKC)  [1-3].  The  four  serines  between  residues  151  and  175  have  been 
identified  as  the  potential  phosphorylation  sites  [3].  In  order  to  delineate  which 
of  the  four  serines  in  the  sequence  is  preferentially  phosphorylated  by  PKC, 
we  have  synthesized  peptides  surrounding  each  of  the  four  phosphorylation  sites 
as  their  N-acetyl  amides  and  tested  their  ability  to  act  as  substrates  for  PKA 
and  PKC. 

Results  and  Discussion 

The  full  151  to  175  sequence  (Fig.  1.  I)  was  phosphorylated  by  both  PKA 
and  PKC  (Table  1).  Short  sequences  of  the  151  to  175  region  encompassing 
each  of  the  serines  were  synthesized  by  SPPS  (Fig.  1.  II— VIII).  The  peptide 
encompassing  site  1  (II)  was  readily  phosphorylated  by  both  PKA  and  PKC, 
while  the  peptide  encompassing  site  2  (III)  was  preferentially  phosphorylated 
by  PKC.  Peptides  surrounding  sites  3  and  4  (peptides  IV  and  V)  were  not 
phosphorylated  by  PKA  whereas  PKC  weakly  phosphorylated  site  4.  Two  peptides 
encompassing  sites  2  and  3  (VI)  and  sites  3  and  4  (VIII)  were  also  tested.  The 
site  2/3  peptide  incorporated  no  12P  in  the  presence  of  PKA  while  PKC 
incorporated  no  more  ?2P  than  the  equivalent  site  2  peptide.  A  site  2/3  peptide 


I  K'5i  KKKKKRFSFKKSFKLSGFSFKKNK  K175  Full  sequence 


P04n  Site  No. 

1  2 

3 

4 

II 

KKRFSFKK 

Site  1 

III 

FKKSFK 

L 

Site  2 

IV 

F  K 

LSG 

F 

Site  3 

V 

G 

F  S  F  K  K 

Site  4 

VI 

FKKSFK 

LSG 

F 

Site  2/3 

VII 

F  K  K  A  F  K 

LSG 

F 

Site  2(A)/3 

VIII 

F  K 

LSG 

F  S  F  K  K 

Site  3/4 

Fig.  1.  Peptide  fragments  of  the  151-175  sequence  of  MARCKS  protein. 
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Table  1  Phosphorylation  of  MARCKS  peptide  fragments  by  PKA  and  PKC 


53 P  incorporation  rate 

PKA 

(pmoles/5  units/10  min) 

PKC 

(pmoles/mg  protein/10  min) 

I  (Full  Sequence) 

125  ±13 

3  300  ±300 

11  (Site  1) 

48  ±  5 

3  300  ±300 

III  (Site  2) 

1.4  ±  0.2 

2  600  ±300 

IV  (Site  3) 

0.04+  0.1 

30  ±  10 

V  (Site  4) 

0.3  ±  0.1 

800  ±  100 

VI  (Site  2/3) 

0.2  ±  0.1 

2  630  ±300 

VII  (Site  2(A)/3) 

0.1  ±  0.1 

25  ±  10 

VIII  (Site  3/4) 

0.01  ±  0.1 

750  ±100 

J  Peptides  were  phosphorvlated  by  PKA  (bovine  catalytic  subunit)  and  by  partially  purified  PKC 
from  S49  f-lvmphoma  cells.  Aliquots  (90  nD  of  reaction  mixtures  were  spotted  on  P81  paper, 
washed  twice  with  59f  acetic  acid  and  counted  by  liquid  scintillation.  The  concentration  of  all 
peptides  tested  was  75  ^M. 

having  the  site  2  serine  replaced  with  an  alanine  (VII)  was  also  not  a  substrate 
for  either  enzyme.  Thus,  no  phosphorylation  of  site  3  occurred  by  either  enzyme. 
The  site  3/4  peptide  (VIII)  was  not  phosphorylated  by  PKA  while  PKC 
incorporated  32P  into  the  site  3/4  peptide  in  an  amount  equivalent  to  that  found 
in  the  site  4  peptide.  Thus,  phosphorylation  of  site  4  by  PKC  occurs  but  at 
a  lower  rate  than  that  of  site  2.  Previous  data  had  indicated  that  PKC 
phosphorylated  site  4  in  whole  bovine  MARCKS  protein  [3].  Recently  published 
results  obtained  with  25-mers  encompassing  the  151  to  175  region,  have  also 
indicated  that  sites  1  and  2  were  phosphorylated  by  PKC  with  minor  amounts 
going  into  sites  3  and  4  [4],  Overall  our  results  support  that  fact  that  PKA 
readily  phosphorvlates  site  1  and  acts  very  weakly  on  site  2.  PKC,  on  the  other 
hand,  acts  strongly  on  both  site  1  and  2  and  weakly  on  site  4.  However,  the 
site  2  peptide  (III)  possseses  the  sequence  information  needed  to  act  as  a  specific 
substrate  for  S49  T-lymphoma  PKC.  Similar  results  have  also  been  found  for 
partially  purified  rat  brain  PKC.  We  have  demonstrated  that  both  cell-free  and 
membrane-associtated  PKC’s  are  able  to  act  on  the  site  2  peptide  [5].  The  site 
2  peptide,  thus,  has  the  potential  of  tracking  changes  in  PKC  activity  and  its 
location  within  the  cell  after  cell  activation  by  various  receptors. 
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Introduction 

Tumor  cell  attachment  to.  degradation  of.  and  migration  through  basement 
membrane  is  a  critical  step  in  the  formation  of  metastases.  Laminin  is  a  major 
glycoprotein  constituent  of  basement  membrane  and  its  binding  to  laminin 
receptors  on  tumor  cells  promotes  the  metastatic  activity  of  the  tumor  cells 
[1].  A  synthetic  nonapeptide  (CDPGYIGSR-NHN)  from  the  B1  chain  of  laminin 
has  been  identified  as  a  major  site  for  cell  binding.  Furthermore.  YIGSR-NH2, 
from  within  this  nonapeptide,  was  reported  to  reduce  the  invasiveness  to  the 
lung  of  B16F10  melanoma  cells  injected  in  the  tail  vein  of  mice  [2].  In  our 
attempt  to  design  analogs  of  YIGSR-NH2  which  might  have  greater  antimetastatic 
activity,  or  be  more  resistant  to  enzymatic  degradation  we  synthesized  a  series 
of  tii[CH2NH]  peptide  analogs  (1,  3.  4.  5)  of  Y1GSR-NLL  and  a  number  in 
which  the  Tvr  residue  was  replaced  with  n-Tyr  (6).  />-NH2-Phe  (7).  /7-F-Phe 
(8).  Phe  (9)  and  Ac-Tvr  (10). 

Results  and  Discussion 

The  peptides  were  prepared  using  Boc  chemistry  methodology  in  SPPS  and 
then  purified  by  way  of  C,8  RPHPLC.  The  peptide  analogs  containing  the  CH2NH 
bond  isostere.  were  prepared  according  to  the  method  of  Sasaki  and  Coy  [3] 
by  reductive  alkylation  during  SPPS.  The  molecular  weights  of  all  peptides  were 
confirmed  by  FABMS.  During  the  synthesis  of  Y-«/4CH2NH)-IGSR-NH2  (1) 
a  by-product.  Y-i>(CH2NCHO)-IGSR-NH2  (2).  was  isolated  and  purified.  The 
structure  and  peptide  sequence  of  2  was  determined  by  FABMS  and  CIDMS. 

All  new  peptides  were  assayed,  in  vitro,  for  their  ability  to  attach  to  HT- 
1080  cells  derived  from  a  human  fibrosarcoma.  It  has  previously  been  de¬ 
monstrated  that  the  ability  of  synthetic  peptides  to  promote  cell  attachment 
correlates  with  their  antimetastatic  activity  [4,5]. 

The  four  peptides  showing  the  most  activity  in  the  attachment  assay.  Y- 
(WCH:NH)-IGSR-NH2  (1).  Y-i//(CFLNCHO)-IGSR-NH2  (2),  YIGS-t/i(CH2NH)- 
R-NLL  (5)  and  (p-NH2)FlGSR-NH2  (7)  were  further  tested,  in  vivo,  for  their 
ability  to  inhibit  tumor  metastasis  to  the  lung  in  mice  injected  in  the  tail  vein 
with  B16F10  melanoma  cells  [6],  Two  to  three  weeks  after  the  injections,  the 


925 


M.  Mokotoff,  M.  Zhao  and  H.K.  Kleinman 


Peptides  administered  via  tail  vein 


Fig.  I.  Peptide  inhibition  of  lung  metastases  from  B16F10  melanoma ;  HKK  =  C(  YIGSR)  <-NH .. 

mice  were  sacrificed  and  the  number  of  pulmonary  tumors  on  the  surface  of 
the  lungs  were  counted.  The  animals  died  immediately  upon  injection  with  peptide 
2.  Preliminary  results  of  the  in  vivo  assay  are  shown  in  Fig.  1.  (HKK  in  Fig.  1 
was  prepared  by  Dr.  Kleinman.) 

The  in  vitro  biological  results  indicate  that  the  Tvr  residue  in  YIGSR-NH: 
is  important.  Replacement  of  it  with  o-Tyr  (peptiue  6).  by  Phe  (peptide  9).  or 
acylation  (peptide  10)  appears  to  block  cell  attachment.  However,  peptide  10 
is  expected  to  be  active  in  vivo  after  being  biologically  converted  into  Y1GSR- 
NH:.  On  the  other  hand,  it  seems  that  replacement  of  Tyr  with  a  Phe  containing 
an  electronegative  group  in  the  para  position  (peptides  7  and  8)  still  gives 
biologically  active  compounds.  Preliminary  in  vivo  results  with  B16F10  melanoma 
indicates  that  peptide  7  inhibits  pulmonary  metastases. 
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Introduction 

In  1985.  Borovsky  reported  the  isolation  and  partial  characterization  of  a 
material  that  inhibited  vitellogenesis  in  the  mosquito  Aedes  aegypti  [  1 1-  The 
material  had  the  properties  of  a  peptide;  the  structure  was  subsequently  reported 
[2,3]  as  NHrTyr-Asp-Pro-Ala-(Pro)6-COOH.  The  synthetic  hormone,  prepared 
by  SPPS,  was  shown  to  be  identical  to  the  natural  material.  Since  we  wished 
to  test  this  material  and  its  analogs  on  other  insects  synthesis  was  attempted. 
The  resulting  resin  had  lost  weight  corresponding  to  the  cleavage  of  essentially 
all  of  the  initial  tBoc-Pro,  leaving  bare  resin.  Since  proline  is  notorious  for 
diketopiperazine  formation  during  the  coupling  of  the  third  amino  acid,  this 
was  presumed  to  have  occurred.  Attempts  to  overcome  this  difficulty  were  then 
made,  resulting  finally  in  a  successful  synthesis. 

Results  and  Discussion 

Syntheses  were  carried  out  at  a  500  mg  scale  on  a  Milligen/Biosearch  9600 
instrument,  initially  using  the  manufacturer-supplied  protocols.  Software  ad¬ 
justments  were  made  as  necessary  during  the  various  preparations. 

Gisin  and  Merrifield  [4]  reported  that  only  30(.'f  of  the  expected  tripeptide 
was  formed  during  coupling  of  tBoc-D-Pro  to  n-Val-i  -Pro-O-Resin.  They  studied 
this  loss  systematically  and  determined  that  it  did  not  occur  during  the 
deprotection  or  neutralization  step.  Instead,  it  occurred  during  the  coupling 
reaction  carried  out  by  addition  of  DCC  to  a  mixture  of  the  dipeptide  resin 
and  tBoc-o-Pro-OH,  and  the  free  carboxylic  acid  of  the  o-Pro  catalyzed  the 
formation  of  cvclo-(D-Val-i  -Pro).  They  overcame  this  by  reversing  the  addition 
order  of  the  DCC  and  amino  acid,  eliminating  concentrations  of  free  carboxylic 
acid.  In  our  first  attempt  at  the  oostatic  hormone  by  the  tBoc  protocol.  tBoc- 
Pro-O-Resin  gave,  after  the  synthesis,  only  441  mg  of  'peptide-resin',  which 
corresponds  closely  with  the  calculated  weight  of  the  bare  resin.  Another  synthesis 
by  the  Fmoc-BOP  protocol,  gave  only  490  mg  of  air-drv  peptide-resin.  Bare 
resin  would  weigh  454  mg,  and  the  cleaved  peptide  showed  none  of  the  desired 
product  on  HPLC.  Fmoc-BOP  synthesis  of  a  shorter  segment  of  the  hormone 
(Tvr-Asp-Pro-Ala-Pro-OH)  yielded  only  13  mg  of  crude  peptide. 

The  'standard  methods’  that  Borovsky  et  al.  refer  to  are  summarized  by  Baranv 
and  Merrifield  [5].  The  techniques  mentioned  for  overcoming  diketopiperazine 
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formation  are:  (a)  preactivation  or  addition  of  the  amino  acid  to  the  dipeptide- 
resin  and  DCC,  (b)  in  situ  neutralization  of  a  salt  of  the  dipeptide-resin  with 
the  N-methylmorpholine  salt  of  the  protected  amino  acid  in  the  presence  of 
the  condensing  agent,  and  (c)  coupling  a  tripeptide  to  the  resin  or  coupling 
a  dipeptide  to  the  initial  amino  acid  resin.  Both  the  tBoc  and  Fmoc  protocols 
used  here  involve  preactivation.  Technique  (b)  is  not  applicable,  since  a  salt 
is  not  generated  during  the  Fmoc  deprotection.  Route  (c)  was  then  tried. 

A  crude  preparation  of  Fmoc-Pro-Pro-OH  was  made  from  Fmoc-Pro  and 
Pro-OtBu.  followed  by  deprotection  with  TFA.  The  oily  material  when  used 
in  a  synthesis  of  the  oostatic  hormone  amide  using  PAL  resin,  gave  148  mg 
ot  crude  peptide  (85%  pure  by  HPLC).  Synthesis  of  the  acid  form  of  the  hormone 
failed  (only  14  mg  crude  peptide  was  obtained).  However,  this  technique  was 
used  successfully  in  the  syntheses  of  the  sweet  protein  monellin  and  some  of 
its  analogs  [6-8], 

In  1990,  Akaji  et  al.  [9]  reported  the  use  of  a  tertiary  alcohol  handle 
(HOC(CH3)2CH2CH2C6H5OCH2COOH)  for  proline  which  increased  the  hin¬ 
drance  about  the  linking  ester  group,  thereby  inhibiting  intramolecular  cleavage. 
Nearly  quantitative  yields  of  crude  bradvkinin  potentiator  B  were  obtained,  which 
has  a  C-terminal  Pro-Pro  sequence.  This  linker  was  synthesized  by  a  modification 
of  Akaji’s  method.  Aminomethyl  resin  was  coupled  to  the  linker  with  diiso- 
propylcarbodiimide  in  CHiCL/DMF.  then  coupled  to  Fmoc-Pro-Cl  in  pyridine. 
Elongation  of  the  chain  using  the  Fmoc-BOP  protocol  gave,  after  cleavage.  103 
mg  ot  crude  peptide,  76%  pure  by  HPLC  analysis.  The  purified  peptide  had 
the  correct  amino  acid  analysis  and  sequenced  properly.  Thus,  in  spite  of  the 
six  successive  prolines  on  the  C-terminus  of  the  molecule,  respectable  yields 
of  crude  peptide  of  adequate  purity  were  obtained  by  standard  Fmoc-BOP 
protocols  using  this  linker. 
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Introduction 

We  have  recently  isolated  four  novel  peptides,  which  we  call  granulins  A. 
B,  C  and  D,  from  extracts  of  human  inflammatory  exudates.  The  most  abundant 
of  these  peptides,  granulin  A.  could  be  isolated  bv  a  three-step  HPLC  procedure 
to  give  a  final  yield  of  approximately  1-2  nmoles  per  1010  cells,  and  was  subjected 
to  complete  sequence  analysis.  Granulin  A  is  a  56-residue  peptide,  with  12 
cysteines,  arranged  in  a  characteristic  pattern  of  doublets  that  seems  to  be  unique 
to  this  family  of  peptides.  Amino  terminal  sequences  were  also  obtained  tor 
granulins  B,  C  and  D,  demonstrating  that  each  peptide  was  related  but  ol  unique 
sequence  and  was  not  merely  a  post-translational  modification  of  a  common 
sequence  [  1 |.  N'o  homologous  protein  sequence  was  found  by  searching  databases, 
but  two  partial  sequences  have  recently  beer  reported  that  bear  striking  similarity 
with  the  granulins  [2],  These  peptides,  called  epithelin  1  and  2.  were  isolated 
from  the  rat  kidney.  Epithelin  1  stimulates  the  growth  of  keratinoevtes  in  culture, 
and  inhibits  the  growth  of  some  transformed  epithelial  cell  lines,  including  A431. 
The  amino  terminus  of  granulin  A  shares  17  out  of  21  residues  with  the  partial 
sequence  reported  for  epithelin  I.  strongly  suggesting  that  the  granulins  and 
epithelins  are  members  of  the  same  family.  A  gvanulin-like  peptide  was  isolated 
from  rat  bone  marrow  whose  amino  terminal  sequence  is  identical  with  epithelin 
1  with  the  exception  of  the  amino  Glu  terminal  residue  that  is  missing  from 
epithelin  1  [1],  Granulin  A,  but  not  B,  C  or  D,  inhibited  the  growth  ot  A431 
cells  with  approximately  the  same  potency  as  reported  for  epithelin  1.  The 
sequence  we  reported  for  granulin  A  is  the  first  complete  primary  structure 
obtained  for  any  member  of  this  family  of  peptides.  We  have  used  this  sequence 
to  design  probes  to  screen  for  granulin  cDNA  from  a  human  bone  marrow 
library. 

Results  and  Discussion 

Sequel  e  analysis  of  human  granulin  cDNA  revealed  a  precursor  oi  593  amino 
acids,  including  a  probable  signal  peptide  of  15  amino  acids.  Each  ot  the  granulins. 
A.  B.  C  and  D  is  encoded  within  this  precursor,  as  are  three  other  granulin- 
like  domains.  At  the  amino  terminus  of  the  granulin  precursor  there  is  an  eighth 
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cysieine-rich  domain  of  six  cysteines.  This  sequence  aligns  with  the  amino  terminal 
six  cysteines  of  the  granulins,  and  we  refer  to  it  as  paragranulin.  The  sequence 
of  the  granulin  precursor  contains  no  obvious  membrane  spanning  sequences 
when  analyzed  for  hydrophobicity.  It  has  five  potential  sites  of  N-glysosylation. 
One  of  these  occurs  at  position  5  of  granulin  C.  It  has  therefore  been  possible 
fo  confirm  glycosvlation  at  this  position  since  short  hydrolysis  of  purified  granulin 
C  ( 105°C,  for  3  h,  in  6N  HC1.  in  vacuo)  releases  amino  sugars  and  microsequencing 
of  S-pyridvlethylated  granulin  C  gives  a  blank  at  position  5,  (N  =  2).  Thus  the 
granulin  precursor  is  a  glycoprotein.  We  have  re-examined  extracts  of  human 
leukocytes  for  the  remaining  granulin-like  domains  i.e.  E,  F  and  G,  using  AAA 
of  column  fractions  to  detect  cvsteine-rich  components.  Thus  far  we  have  not 
detected  additional  granulin-like  products  of  the  granulin  precursor,  but  we 
succeeded  in  isolating  a  29-residue  peptide  whose  amino  acid  composition  was 
strikingly  similar  to  that  of  paragranulin.  Sequence  analysis  confirms  that  it 
is  indeed  identical  to  the  predicted  six-cysteine  peptide  derived  from  the  granulin 
precursor.  The  sequences  of  five  distinct,  cysteine-rich  peptides  that  can  be  excised 
from  the  593-residue  precursor,  and  recovered  from  tissue  extracts: 

granulin  A:  DVKCDMEVSCPDGYTCCRLQSGAWGCCPFTQAVCCED- 
HIHCCPAGFTCDTQKGTCE 

granulin  B:  S  VMCPD  ARSRCPDGSTCCELPSGKYGCCPMPNATCCS- 

DHLHCCPQDTVCDLIQSKCL 

granulin  C:  DVPCDN VSSCPSSDTCCQLTSGEWGCCPIPEAVCCSDH- 
QHCCPQRYTCVAEQCQ 

granulin  D:  DIGCDQHTSCPVGGTCCPSQGGSWACCQLPHAVCCED- 
RQHCCPAGYTCNVKARSCE 
paragranulin:  TRCPDGQFCPVACCLDPGGASYSCCRPLL 
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Introduction 

Tracheal  cytotoxin  (TCT)  is  produced  by  Bordetella  pertussis ,  the  causative 
agent  of  whooping  cough.  It  was  isolated  as  the  fraction  of  B.  pertussis  culture 
supernatant  which  could  reproduce  the  ciliated  cell  cytopathology  observed  during 
B.  pertussis  infection  [1J.  TCT  is  A-acetyl-glucosaminyl-Lb-anhydro-yV-acetyl- 
muramyl-L-Ala-y-D-Glu-wso-Dap-D-Ala  [2]  (Dap  =  diaminopimelic  acid),  the 
‘anhydro  monomer’  of  B.  pertussis  peptidoglycan  (PG).  TCT  is  a  muramyi  peptide; 
this  family  of  compounds  has  a  variety  of  biological  activities  including  ad- 
juvanticity,  somnogenicitv,  pyrogenicitv.  and  arthritogenicity  [3-5].  We  have 
produced  several  TCT  analogs  and  tested  their  toxicity  in  hamster  tracheal  rings 
and  cultured  hamster  trachea  epithelial  (HTE)  cells  [6].  In  contrast  to  previous 
studies  of  muramyi  peptides  in  other  systems,  our  data  shows  that  the  sugar 
moiety  of  TCT  is  irrelevant  for  toxicity  and  that  both  side-chain  functional 
groups  of  Dap  are  crucial  for  toxicity. 

Results  and  Discussion 

The  lac-AEDapA  moiety  of  TCT  was  produced  by  lysozyme  treatment  of 
B.  pertussis  PG  generating  the  reducing  monomer  of  PG  [7],  followed  by  base- 
catalysed  release  of  the  disaccharide  moiety  [8],  Analogs  of  lac-AEDapA 
containing  L-Lys  or  L-a-aminopimelic  acid  (<*Ap)  substituted  for  meso- Dap  were 
produced  by  SPPS.  Boc-aAp  t-benzyl  ester  was  synthesized  by  copper  chelation 
and  benzyl  bromide  treatment  [9],  followed  by  Boc-protection.  Compounds  were 
purified  by  RPHPLC  and  subjected  to  AAA  and  FABMS  to  confirm  composition 
and  molecular  weight.  Chiralities  were  confirmed  using  Marfey’s  reagent  [10] 
for  amino  acids  and  l-  and  D-Iactic  dehydrogenase  [11]  for  lactic  acid. 

Lac-AEDapA  toxicity  in  both  assays  was  indistinguishable  from  that  observed 
for  TCT.  and  FK-156  toxicity  matched  that  of  TCT  for  HTE  cells,  indicating 
that  the  disaccharide  is  irrelevant  for  toxicity.  In  contrast,  the  sugars  are  known 
to  play  a  role  in  other  muramyi  peptide  activities  [  1 2].  The  analogs  with  Lvs 
and  oAp  substituted  for  Dap  were  at  least  two  orders  of  magnitude  less  active 
than  lac-AEDapA.  The  dramatic  effect  in  the  absence  of  either  of  the  side-chain 
lunctional  groups  shows  that  Dap  plays  a  crucial  role  in  TCT  toxicity.  Other 


931 


K.M.  Erwin  el  at. 


Table  1  Toxicity  ofTCT  analogs  for  respiratory  epithelial  cells 


Compound 

Stiucture 

Toxicity  for: 

HTE  cells*  Tracheal  rings1 2 3 4 5 6 7 8 9 10 11 12 

TCT 

GlcNac-l,6-anhvdro-MurNac-L-Ala-y-i)-Glu- 

meso-Dap-D-Ala 

+ 

Lac-AEDapA 

D-Lactyl-L-Ala-y-D-Glu-mero-Dap-D-Ala 

+ 

+ 

Lac-AEKA 

o- Lactyl-L- A  la-7-1  >-G!u-i  -Lvs-u-  Ala 

_ 

_ 

Lac-AhaApA 

u-LactvI-i  -  Ala-7-1  >-Glu-i  -oAp-n-Ala 

_ 

ND 

FK-156 

r>Lactvl-i  -Ala-7-n-Glu-mf>so-Dap-Glv 

+ 

ND 

MDP 

MurNac-L-Ala-n-isoGin 

- 

- 

J  '+  toxicity  tor  HTE  cells  indicates  the  ability  to  cause  a  dose-dependent  inhibition  of  DNA 
synthesis,  using  concentrations  comparable  to  TCT’s  toxic  levels  (half-maximal  toxicity  ol  50  nM). 
indicates  no  effect  was  observed  below  5  pM. 

h  +  toxicity  tor  hamster  tracheal  rings  indicates  the  development  of  ciliostasis  and  ciliated  cell- 
specific  damage  within  96  h.  generally  at  doses  around  3  nM. 

biological  effects  of  muramyl  peptides  do  not  necessarily  require  the  presence 
of  Dap;  many  active  analogs  are  truncated  before  Dap  or  contain  Lys  in  place 
of  Dap  [12].  One  such  analog  is  MDP,  the  minimal  structure  exhibiting  adjuvant 
activity,  which  is  at  least  100-fold  less  toxic  than  TCT  in  our  assays. 
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Introduction 

The  protein  farnesyltransferase  modifies  many  intracellular  proteins  by  at¬ 
taching  a  farnesyl  group  via  a  thioether  bond  to  a  cysteine  four  residues  from 
the  C-terminus.  This  modification  is  believed  to  be  required  for  association  with 
the  plasma  membrane,  where  farnesylated  proteins  are  involved  in  regulation 
of  cell  growth  and  interaction  with  G-protein  coupled  receptors  [1],  Among 
farnesylated  proteins  is  p21ras,  whose  oncogenicity  depends  on  its  isoprenylation. 
Therefore,  inhibition  of  the  farnesyltransferase  may  yield  a  potential  therapy 
for  many  different  kinds  of  cancer.  Previously  we  showed  that  tetrapeptides 
of  sequence  Cvs-Al-A2-X  compete  with  p21ras  as  substrates  for  the  protein 
farnesyltransferase  [2,3].  We  have  explored  many  sequence  variants  as  competitors 
in  this  farnesylation  assay  in  order  to  determine  requirements  for  enzyme  binding. 
Furthermore,  we  have  employed  a  thin  layer  chromatography  assay  to  distinguish 
which,  if  any,  of  the  tetrapeptides  act  as  substrates  (and  are  thus  farnesylated) 
and  which  act  as  true  inhibitors. 

Results  and  Discussion 

Purified  protein  farnesyltransferase  catalyzes  the  transfer  of  [’Hjfarnesyl  from 
[3H]farnesy!  pyrophosphate  to  p21ras  protein,  as  indicated  by  radioactivity 
incorporated  in  the  substrate.  A  tetrapeptide  corresponding  to  the  C-terminal 
sequence  of  this  substrate  (CV1M)  inhibits  at  a  50%  level  at  0.15  juM;  this  peptide 
was  used  as  a  reference  to  test  other  sequences.  At  positions  Al.  A2,  and  X. 
we  have  substituted  a  series  of  residues  of  different  steric  bulk,  charge,  and 
other  properties.  Evaluation  of  the  different  sequences  tested  showed  the  Al 
position  to  be  the  most  tolerant  of  substitutions.  The  A2  position  must  be 
uncharged  and  prefers  aromatic  or  aliphatic  residues.  Methionine,  phenylalanine 
and  serine  are  strongly  favored  for  the  X  position.  The  most  potent  inhibitory 
tetrapeptide,  CVFM,  gave  50%  inhibition  at  a  concentration  of  0.025  juM,  which 
is  six-fold  lower  than  that  of  the  natural  sequence,  CV1M  [3]. 

To  determine  whether  the  peptides  were  acting  as  substrates  or  true  inhibitors 
of  farnesylation.  each  was  treated  for  15  or  30  min  with  [5H]farnesyl  pyro- 
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Table  1  Farnesylation  of  tetrapeptides  by  purified  protein  farnesyltransf erase0 


Tetrapeptide 

[3FT|Farnesyl  tetrapeptide 
formed  (dpm  *  10-*) 

Concentration  for  50'“ 
inhibition  (^M) 

CVIM 

16.5 

0.15 

CAIM 

11.6 

0.15 

CVIS 

15.4 

1.0 

SVIM 

0 

>100 

CVFM 

0.14 

0.025 

CVYM 

0 

0.10 

CVWM 

0 

0.40 

CFIM 

5.0 

0.55 

PenVIM 

0 

0.10 

MpaVFM 

12.9 

0.69 

Each  reaction  mixture  contained  17  pmol  of  |  'H|farnesyl  pyrophosphate  (44000  dpm/pmol).  00 
pmol  of  the  indicated  tetrapeptide.  and  5  ng  of  affinity-purified  protein  farnesvltransferase.  Values 
tor  50(7  inhibition  ot  the  farnesylation  ot  p2lHrjs  were  obtained  as  previously  described  [3], 


phosphate  in  the  presence  of  the  protein  farnesyltransferase  [4].  Thin  layer 
chromatograms  of  the  peptide  products  were  developed  for  3  h  in  propanol/ 
ammonium  hydroxide/water  (6:3:1)  and  were  subjected  to  autoradiography 
or  visualized  with  chlorine/o-tolidine.  Radioactivity  was  quantified  by  dividing 
the  plate  into  sections  and  removing  the  coating  for  scintillation  counting.  All 
of  the  peptides  tested  were  substrates,  with  two  exceptions  (Table  1).  Substitution 
of  the  A2  position  with  an  aromatic  residue  created  a  true  inhibitor.  CVFM. 
Substitution  of  cysteine  by  penicillamine  (Pen)  also  blocks  farnesylation  and 
leads  to  a  true  inhibitor.  Interestingly,  if  the  cysteine  of  CVFM  is  replaced  with 
mercaptopropionic  acid  (Mpa),  the  tetrapeptide  again  becomes  a  substrate.  Taken 
together,  these  results  suggest  that  insertion  of  bulky  methyl  or  aromatic  groups 
at  specific  sites  in  a  peptide  can  block  farnesvl  transfer  without  impairing  ability 
to  bind  the  active  site  of  the  enzyme. 
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Introduction 

Sexual  conjugation  in  Saccharomyces  ccrcvisiuc  is  dependent  upon  diffusible 
peptide  pheromones  termed  a-factor  and  a-factor  |1).  These  peptides  are- 
recognized  by  membrane-bound  receptors  on  their  respective  target  cells  [2|. 
A  seven-transmembrane  domain  motif  has  been  deduced  for  the  yeast  pheromone- 
receptors.  This  motif  has  significant  structural  similarity  to  receptors  for  numerous 
other  ligands  including  biogenic  amines,  tachvkinins.  polypeptide  hormones  for 
brain  and  gut.  and  for  sensory  stimuli  such  as  light  and  odorants  [3].  All  these 
receptors  share  a  highly  conserved  structure  and  topography  and  are  coupled 
to  heterotrimeric.  guanine  regulatory  proteins  which  activate  or  inhibit  effector 
enzymes  and  ion  channels.  The  .S',  ccrcvisiuc  pheromone  receptor  is  particularly 
amenable  as  a  paradigm  for  studying  this  receptor  type.  Based  on  spectroscopic 
studies,  we  have  concluded  that  a-factor  ( WHWLQLKPGQPMY)  may  be  bent 
in  a  type  II  /3-turn  involving  residue  7  through  10  when  bound  to  its  receptor 
[4],  We  generated  truncated  versions  of  the  a-factor  to  determine  the  contributions 
of  the  ends  of  the  a-factor  to  its  bioactivity. 

Results  and  Discussion 

a-Factor  was  digested  with  carboxvpeptidase  A  or  with  aminopeptidase  M. 
After  incubation,  the  mixtures  were  centrifuged  through  a  membrane  filter  to 
remove  the  enzyme,  frozen,  and  fractionated  using  HPLC  to  generate  carboxvl- 
and  ammo-truncated  a-factors.  The  activity  of  these  analogs  was  measured  by 
a  growth  arrest  assay  in  which  lawns  of  target  cells  were  grown  in  the  presence 
of  filter  disks  containing  a-factor  or  a-factor  analogs.  After  incubation  at  30CC 
for  24  h  clear  zones  around  the  disks  indicated  growth  arrest  due  to  the  peptide 
added. 

The  truncated  peptides  HWLQLKPGQP(NlelY  and  WHWLQLKPGQP(Nle) 
each  lacking  one  amino  acid  at  either  the  amino-  or  carboxyl-terminus,  gave 
ca.  1 0-Fold  and  40-fold  less  activity,  respectively,  than  the  native  a-factor. 
However,  removal  of  two  residues  from  either  the  amino-  or  carboxvl-terminus 
of  the  pheromone  resulted  in  peptides  which  were  virtually  devoid  of  activity 
by  themselves  (Table  I).  In  the  presence  of  the  amino-truncated  pheromone 
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Table  I  Growth  arrest  of  S.  cerevisiae  by  a-factor  and  a-factor  analogs a 


a-Factor 

Peptide  (/jg/disk)b 

Antagonist 

Synergist 

Area  of  growth 
arrest  (mml 

0.01 

0 

0 

0 

0 

0 

30 

0 

0 

30 

0 

0 

0.01 

0 

8 

0.01 

0 

10 

12 

0.01 

0 

30 

12 

0.10 

0 

0 

14 

0.10 

30 

0 

0 

J  5.  cerevisiae  RC629  (MATa  sstl  )  was  used  as  the  target  cell. 

h  or-tactor  =  WHWLQLKPGQP(Nle)Y.  where  Nle  is  an  isosteric  replacement  for  M  in  the  native 
peptide.  Antagonist  =  WLQLK.PGQP(Nle)Y;  Synergist  =  WHWLQLK.PGQP. 


(WLQLKPGQP[Nle]Y)  the  activity  of  a-factor  was  eliminated.  Conversely,  the 
carboxyl-truncated  pheromone  undecapeptide  (WHWLQLKPGQP)  potentiated 
the  activity  of  the  native  pheromone  (Table  1).  We  ruled  out  the  fact  that  the 
potentiation  was  due  to  a  prolonged  lifetime  of  the  native  pheromone. 

Binding  studies  showed  that  the  affinity  of  the  a-factor  receptor  for  a-factor 
was  not  influenced  by  the  carboxvl-truncated  undecapeptide.  The  amino-trun¬ 
cated  analog  was  an  antagonist  of  a-factor  binding.  Residues  whose  removal 
leads  to  antagonism  were  separable  from  those  residues  whose  removal  led  to 
potentiation  or  synergism.  It  appears  that  binding  and  signal  transduction  are 
separable  processes  in  the  interaction  of  a-factor  with  its  receptor. 

To  our  knowledge,  the  observation  of  a  peptide  hormone  analog  which  acts 
as  a  synergist  is  a  new  finding.  Although  the  binding  competition  studies  suggest 
that  the  synergist  did  not  bind  to  the  a-factor  binding  site,  we  can  not  completely 
rule  out  the  possibility  that  the  synergist  binds  to  the  same  receptor  site  with 
very  low  affinity. 

Acknowledgements 

The  authors  are  grateful  for  support  from  NIH  grants  GM22086  and  GM22087. 

References 


1.  Herskowitz.  I..  Microbiol.  Rev,.  52(1988)536. 

2.  Blumer.  K.  J.  and  Thorner,  J.,  Annu.  Rev.  Physiol..  53(1991)37. 

3.  Lefkowitz,  R.J..  Nature.  351  (1991)353. 

4.  Jclicks.  L.A..  Naider,  F..  Shenbagamurthi,  P..  Becker.  J.M.  and  Broido.  M.S  ,  Biopolvmers. 
27(1988)431. 


936 


Two  new  neurohypophysial  hormones,  asvatocin  and 
phasvatocin:  Evolutionary  duplication  of  the  oxytocin-like 
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Introduction 

Most  vertebrate  species  possess  two  neurohypophysial  hormones,  one  oxytocin- 
like  and  another  vasopressin-like  [I).  These  peptides  are  fragments  of  protein 
precursors  in  which  they  are  linked  to  93/95-residue  polypeptides  termed 
neurophvsins  and  from  which  they  are  separated,  before  secretion,  by  processing 
proteolytic  enzymes.  The  high  sequence  homology  found  between  the  two 
precursors  in  a  given  specie,  has  suggested  that  the  two  lineages  arose  by 
duplication  of  an  ancestral  gene,  duplication  assumed  to  have  occurred  before 
appearance  of  fishes  [2].  In  particular  groups  such  as  marsupials,  additional 
duplications  have  been  observed:  two  oxytocin-like  and  two  vasopressin-like 
peptides  have  been  found  in  some  American  or  Australian  marsupial  families 
[3],  Among  cartilaginous  fishes,  two  oxytocin-like  hormones,  asparytoan  (|  Asn4]- 
oxytocin)  and  valitocin  (j Vaf'J-oxytocin)  have  previously  been  identified  in  the 
spiny  dogfish  Squalus  ucanthias  (sub-oider  Si/uiilcoilci)  |4],  We  describe  herein 
the  purification  and  characterization  of  two  new  oxytocin-like  peptide  isolated 
from  the  spotted  dogfish  Si  vliorhinus  funiculus  (sub-order  (htlcoilei). 

Results  and  Discussion 

Purification  of  the  two  peptides  was  performed  after  extraction  of  acetone- 
desiccated  pituitary  glands  by  either  cold  0.1  M  HC1  or  hot  0.25fl  acetic  acid. 


Table  I  Comparison  of  pharmacological  properties  of  natural  and  synthetic  asvatocin  and 
phasvatocin 


Natural  peptides 

Synthetic  peptides 

Oxvtocic  activity 

Ratio 

Oxvtocic  activity 

Ratio 

(no  Mg:  l 

Ox.  *  Mg;  ’ 

(no  Mg-’"  1 

Ox.  +  Mg;" 

(IVumol) 

Ox.  -  Mg:' 

(U/mg) 

Ox.  -  Mg;" 

\svatocm 

j  AsnJ.  Vj|'|-oxvtocin 

SO 

t.y 

-S  ~  ~ 

3.5 

Phasvatocin 

[Phe\  \->n4.  Vat'J-oxvtocm 

5 

6  -? 

7.6+  1.6 

6  -  b.5 

Oxytocin 

450 

0.7-  1.0 

937 
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Proteins  were  removed  bv  trichloroacetic  acid  precipitation,  and  peptides  sub¬ 
jected  to  a  molecular  sieving  on  Bio-Gel  P4.  Two  fractions  with  oxytocic  activity 
and  one  fraction  with  pressor  activity  have  been  separated;  active  peptides  have 
been  isolated  by  three  successive  HPLC  on  Nucleosil  C,8  columns,  using  an 
acetonitrile  gradient  and  buffers  at  either  pH  3  or  pH  5. 

Two  new  oxytocin-like  peptides  were  characterized  by  amino  acid  composition 
and  microsequencing.  Asvatocin  (fAsn4,  VaLj-oxytocin)  and  phasvatocin  ([Phe\ 
Asn4.  Val8j-oxvtocin)  were  identified  by  comparison  with  oxytocin. 

1  2  3  456789 

Oxytocin  Cvs-Tvr-Ile-  Gln-Asn-Cys-Pro-Leu-Gly-NH2 

Asvatocin  Cvs-Tyr-Ile-  Asn-  Asn-Cvs-Pro-fV//-  GIv-NH2 

Phasvatocin  Cys-Tyr-ZVie-.-Lv/j-  Asn-C ys-Pro- 1  at-  Glv-NH2 

These  hormones  coeluted  with  synthetic  peptides  in  HPLC  using  a  linear 
acetonitrile  gradient  (0-60%)  containing  0.05%  trifluoroacetic  acid.  Furthermore 
pharmacological  activities  (oxytocic  and  pressor  activities)  of  natural  products 
are  in  agreement  with  those  of  the  synthetic  peptides  (Table  1). 

These  peptides  belong  to  the  oxytocin  family  because  they  display  oxytocic 
activity  but  virtually  no  pressor  activity.  When  the  eight  known  vertebrate 
oxvtocin-like  hormones  are  compared,  it  appears  that  the  positions  4  and  8 
were  frequently  substituted  in  the  course  of  evolution,  the  First  residue  with 
a  polar  residue  (Gin.  Asn.  Ser).  and  the  other  usually  with  a  hydrophobic  residue 
(Leu.  lie,  Val). 

Because  respective  receptors  are  not  known,  it  is  difficult  to  speculate  on 
the  selective  significance  of  these  substitutions. 

Acknowledgements 

The  authors  are  indebted  to  Prof.  Maurice  Manning  (Medical  College  of  Ohio) 
for  providing  synthetic  asvatocin  and  phasvatocin. 

References 


1  Acher.  R..  In  Imura.  H..  Shi7umc.  K.  and  Yoshida.  S.  (Eds.)  Progress  in  Endocrinology  1988. 
Elsevier  Science  Publ.  B.V.,  Amsterdam.  1988.  p.  1505. 

2.  Acher,  R.,  In  Epple.  A..  Scanes.  C.G.  and  Stetson.  M.H.  (Eds.)  Progress  in  Comparative 
Endocrinology,  Wilev-Liss  Inc.,  New  York.  1990.  p.  9. 

3.  Rouille.  Y..  Chauvet.  M.T..  Chauvet.  J.  and  Acher.  R..  Biochem.  Biophvs.  Res.  Commun.. 
154(1988)346. 

4  Acher.  R..  Chauvet.  J.  and  Chauvet.  M.T..  Eur.  J.  Biochem.  29(1972)  12. 


938 


Total  screening  of  bovine  brain  and  bone  marrow  extracts 

for  active  peptides 


V.T.  Ivanov4,  A. A.  Karelin4,  E.V.  Karelina4,  V.V.  Ul'yashin4,  B.V.  Vaskovsky4, 

1. 1.  Mikhaleva4.  I.V.  Nazimov4,  G.A.  Grishina4,  V.Kh.  Khavinsonb,  V.G.  Morozov6 

and  A.N.  Mikhaltsov6 

'Sheimaktn  Institute  of  Bioomamc  Chemistry.  Russian  Academy  of  Sciences. 
Miklukho-Muktaya.  16/10.  117X71.  CSP-7.  Moscow  I  -4/7.  Russia 
h Kirov  Military  Medical  Academy.  I V4 1 73  Si.  Petersburg.  Russia 


In  a  previous  communication  |1]  we  presented  the  amino  acid  sequences  of 
a  series  of  peptides  isolated  trom  the  title  extracts.  Further  studies  led  to  structure 
elucidation  of  over  40  novel  peptides,  many  of  them  possessing  biological  activity. 
The  information  obtained  is  presented  partly  in  Table  1  together  with  the 
conclusions  of  the  alignment  with  respective  sequences  from  the  peptide-protein 
data  banks  (P1R  or  GenBee). 

Interpretation  of  these  results  heavily  relies  on  the  actual  availability  of  the 
isolated  species  in  the  respective  tissues  in  vivo.  Indirect  evidence  favoring  the 
endogenous  nature  of  the  isolated  peptides  has  been  discussed  in  f  1 ).  Although 
more  work  is  required  to  fully  evaluate  the  relevance  of  the  data,  a  few  preliminary 
conclusions  can  be  drawn. 

In  addition  to  the  main  function  of  oxygen  carrier  hemoglobin  apparently 
serves  as  a  source  of  a  variety  of  biologically  active  components  (data  on  72 
peptides  are  not  shown)  [ 1 [.  The  respective  list  includes  a  number  of  hemopoietic 
peptides  described  in  [1),  the  analgesic  (2]  and  ‘anti-hibernatic’  |3]  C-terminal 
pentapeptide  of  a-globin,  neokyotorphin.  the  smaller  fragments  of  the  latter, 
the  p.neal  antireproductive  tripeptide  [4]  and  the  Met-enkephalin  releaser 
kyotorphin  [5],  the  cathepsin-pepsin  cleavage  products  of  /3-globin.  called 
hemorphins  due  to  their  opioid  activities  [6j  as  well  as  the  growth  hormone 
[7]  and  corticotropin  [8]  releasing  fragments  of  a-  and  /3-globins  isolated  from 
the  hypothalamic  extracts. 

The  proteolytic  cleavage  of  polypeptides  in  cells  and  tissues  gives  rise  to  a 
steady,  massive  presence  of  active  peptides  which  serves  as  a  'background'  for 
the  function  of  classical  hormones  and  neuropeptides.  If  release  of  neuromediators 
(e.g.  adrenalin)  immediately  induces  a  brief  excitation  and  if  secretion  of 
neuropeptides  (such  as  substance  P  [9],  melanostatin  [10]  or  cholecystokinin 
[11])  usually  lasts  from  5-15  min  to  a  few  hours,  the  more  protracted  phenomena 
such  as  sleep,  the  circadian  or  seasonal  rhythms  are  linked  to  metabolic  changes 
that  must  involve  the  peptide  homeostasis.  Further  analysis  of  this  'peptide 
background’  will  require  elucidation  of  biological  spectra  of  the  participants 
of  that  phenomenon. 
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Table  1  Peptides  from  bovine  brain  and  bone  marrow  extracts 


Structure 

Precursor 

(homology) 

Activ¬ 

ity 

Source 

Content 
(nmol/g 
of  extract) 

AAAAKIQASFRGHMARKKI- 

KSGERGRKGPGPGGPGGAG 

Neurogranin  (p  1 7)  24-62 

B 

0.0 1 

FGSDRGAPK 

Myelin  basic  protein  43-51 

[iih 

B 

0.25 

FGSDRGAPKRGSGK 

Myelin  basic  protein  43-56 

in1' 

B 

2 

TQLPAEEI 

Substance  P  precursor  15-22 

B 

i 

PLFP 

Muscarinic  acetvlcholine  recep- 

tor  11-14 

B 

15 

FGSGFAAPF 

Cvtochrome  c  -  oxidase  57-65 

[ii 

B 

7.5 

ISWYDNEFGYSNRVV 

Glyceraldehvde  3-phosphate 

dehvdrogenase  335-349 

(ii 

B 

6 

FIVH 

GTP-ase  activating  protein 

304-307 

B 

S 

LNETGDEPFQ 

Glutamate-ammonia  litaase 

361-370 

B 

i 

LMYP 

Collagenase  precursor  233-236 

B 

10 

EGEPNL 

Secretory  component  440-446 

B 

10 

YAYYY 

Multidrug  resistance  protein 

[12f 

B 

5x  10-4 

YKKRPYSKRTA 

(Neurotensin) 

[I31d 

B 

2  x  10-' 

SRDKR-amide 

(Proopiomelanocortin  210- 

214) 

[i2r 

B 

3  x  10-' 

INLFFIVF 

Sodium  channel  protein  1576- 

1582 

B 

6 

IQVFAEPKVLYVTRL 

(NCAM  562-578) 

B 

INRPFIL 

(Neurotensin) 

B 

3.5 

FISNKAYXF 

(Fructose-biphosphate  aldolase 

A  358-366) 

B 

1 

XLLPGFFDL 

(Progesterone  receptor  -  chic- 

ken  587-595) 

M 

32 

LPQPPQEKA 

(Collagen  ol(l)  chain  -  bovine 

763-771) 

M 

12 

VYYFXG 

no  homology 

B 

5 

XXXAEXEQTSAPMV 

no  homology 

B 

5 

VFXXGXXLXA 

no  homology 

B 

4 

FEWQLSLMLS 

no  homology 

B 

0.7 

PYVGEIIGKRGUGY 

no  homology 

B 

0.5 

LVLFPGK 

no  homology 

B 

1.5 

IKGKFKADV 

no  homology 

M 

24 

1  Calmodulin-binding. 
b  Sedative  (i.p.). 

‘  Aggressogenic  (i.p.). 
d  Dopaminergic  modulation. 
'  Glutamate  modulation. 

B  =  Brain 
M  =  Bone  marrow 
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Chiral 

analysis  531 

Chlorotrimethvisilane-phenol,  Boc 
deprotection  509 
Cholecvstokinin  (CCK) 

CCK-4 

analogs  100.406 
CCK-A  receptor  selective  406 
CCK-7 

analogs  408.  443.  456 
CCK-8 
analogs  142 
CI-988  779 

conformational  analysis  142 
PD- 134308  779 
Trp-derived  antagonists  759 
Chorionic  gonadotropin,  /3-subunit  74 
Chou-Fasman  predictions  66, 74, 417, 895 
Chromatotopography  580 
Chvmase.  human  Q31,  inhibitors  857 
Chymohelizvme- 1  P-166 

Chymotrvpsin 

-catalyzed  semisynthesis  549 
digestion  54 
CI-988  779 

CID  (collision-induced  dissociation )- 
MS  126 

Cionin  analogs  474 
Circular  dichroism 

acidic  peptides  containing  /3- 
structure  292 


antithrombin  III,  heparin  binding 
site  420 

apolipoprotein  amphipathic 
helix  348 
betabellin  12  364 
bis-amphiphilic  secondary 
structures  344 
bombesin  52 
BSA  signal  peptide  280 
Ca2+-binding  peptides  181 
coiled  coil,  a-helix  323 
echistatin  383 
epindolidione-peptide 
conjugates  319 
glycopeptides  243 
gramicidin  A  247 
GRF  77 

a-helix,  coiled  coil  323 
hemagglutinin  peptides  703 
HIV  env  peptide  688 
HIV  p24  protein  736 
IgE  receptor  231 
influenza  virus  hemagglutinin 
peptides  703 

leucine  zipper  peptides  360 
(aMe)Val  containing  peptides  245 
OmpA  signal  peptide  265 
paired  helical  filament 
peptides  109 
peptide-epindolidione 
conjugates  319 
phosphopeptides  243 
PTH  37 

/3-sheet  models  319 
tachyplesin  I  250 
troponin  C  341 
/3-turn  models  191 
cis-trans  isomerism  785 
CLA1B 

see  Cyclolinopeptide  A 
CNS  effects  939 
Coiled  coil,  a-helical  peptide 
models  323.  346.  378 
Coiled-coil  dimers  346 
Computer 

-aided  design  in  peptide 
chemistry  617 
modeling/simulations  3, 88. 

124.  140.  142,  154.  191.  213,  219. 
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233,  235,  260,  262,  276,  283, 

337,  376,  580,  855 
Conformational  analysis 
acetylcholine  receptor  a  fragment 
bound  to  anti-AChR  antibody  309 
free  state  309 
achatin-I  146 
amide  surrogates  containing 
peptides  315 
amylin  66 
/3-amvloid  203,  278 
angiotensin  II,  cyclic  257,  260 
antibody  affinity,  correlation 
with  237 

antithrombin  III,  heparin  binding 
site  420 

apolipoprotein  amphipathic 
helix  348 
a/p  barrels  376 
/3-bend  ribbon  spiral  290 
betabellin  12  364 
biological  potency,  correlation 
with  217 

bis-amphiphilic  secondary 
structures  344 

Boc-L-Pro-L-Pra-Gly-OMe  229 
Boc-VALUAL-Acp-VALUVAL- 
OMe  766 

bombesin  analogs  52 
calcium  binding  peptides  235,  323, 
341 

Cbz-Ala-Val-Ser(tBu)-Gly-Pro-Phe- 
tBu  213 
CCK-8  142 
chaperones,  E.  coli  206 
charybdotoxin  195 
coiled-coil  dimers  346 
constraint 

amide  surrogates  containing 
peptides  315 

a,/3-dimethylphenylalanine  775 
dipeptide  mimetics  573 
principles  3 

pseudopeptide  bond  52,124, 
311,777 

3-substituted  prolines  100 
Tic  768 

cyclic  opioid  peptides  253,  255 
cyclic /3-turn  models  191,777 


cyclo[Xxx-Pro-Gly-Yyy-Pro- 
Gly]  775 
deltorphin  115 
distance-distance  energy 
maps  283 
cyclosporin  283 
endothelin-1  283 
DKP-insulin  29 
echistatin  383 
epindolidione-peptide 
conjugates  319 
extended  conformation  276 
l9F-labeled  peptide  178 
four-helix  bundle  protein  339, 

368,  376 
GnRH  33 

GnRH  antagonist,  bicyclic  262 
gramacidin  A  247 
GRF  33,77 

growth  hormone,  /3-aspartimide- 
containing  268 
helices 
3,o-  350 

coiled  coil  323.  346 
properties  33.  346 
4-helix  bundle  protein  339,  368 
hemagglutinin  peptides  703 
IgE  receptor  231 
influenza  virus  hemagglutinin 
peptides  703 
insulin  29 

macrocyclic  triproline  template  350 
a-meianotropin  389 
(aMe)  Val  containing  peptides  245 
neocarcinostatin,  holo-form  313 
neurokinin  A  antagonists  124 
OmpA  signal  peptide  265 
peptide-epindolidione 
conjugates  319 
PLG  amide  analogs  757 
(L-Pro-Aib)n  sequential 
peptides  290 

proline-containing  peptides  290 
prothrombin  fragment  I  285 
PTH  37 

^-sheets  319,766 
somatostatin  3.  305 
stability  of  217.346 
subtilin  302 
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a,  a  supersecondary  structural 
motifs  368 
tachyplesin  I  250 
T  cell  determinants  (epitopes)  855 
TRH,  cyclopropane  analogs  219 
thymosin  /34  895 
turn  conformation  124.  146  19! 
Conformational  catalysis  362 
Conformational  change 
bis-amphiphilic  secondary 
structures  344 
induced  by  backbone 
rearrangement  171 
induced  by  Ca: '-binding  181 
induced  by  guanidine  HC1  346 
induced  by  pH  609.  344 
induced  by  temperature  217 
Conformation-driven  processing  227 
Conformationallv  restricted  peptides 
angiotensin  II.  cyclic  260 
betabellin  12  364 
bombesin  52 
CCK-4  100 

chemotactic  peptides  423 
cyclic  opioid  peptides  253.  255 
cyclic  /3-turns  777 
dermorphin  97.  1 19 
fibrinogen  receptor 
antagonists  755.  761 
glucagon  439 
GnRH  33 

GnRH  anatagonist,  bicvclic  262 

gramicidins  271 

GRF  33,  77 

GRP  63 

3m-helix  350 

helix  nucleation  template  352 
lactam  bridge(s)  57,  239,  439, 

480 

macrocyclic  triproline 
templates  350 

metalloprotease  inhibitors  820 
(aMe)Val  containing  245 
neurokinin  A  antagonists  124 
neuropeptide  Y  480 
opioid  peptide  307 
PLG  amide  757 
QUANTA/CHARMm  299 
renin  inhibitors  749,  816 


somatostatin  3,  305 
vancomycin  299 
Congestive  heart  failure  69 
Conotope  phage  library  595 
co-Conotoxin  159 
phage  library  595 
Convergent  solid  phase  peptide 
synthesis  607 

Corticotropin-releasing  factor 
(CRF)  33.829 

Coupling  rates,  correlation  with  swellir 
of  resin  569 
Coupling  reagents 
at  elevated  pressure  593 
methyl  esters,  pressure  569 
Covalent  semisynthesis  57.  117.  362, 
549 

CP-96,345  773 

C-reactive  proteins,  proteolysis  879 
CRF 

see  Corticotropin  releasing 
factor 

Crown  ether  containing  peptides  371 
Crystal  structure 
achatin-1  146 

a-Aib  containing  peptide  290 
/3-bend  ribbon  spiral  290 
Boc-i -Pro-L-Pra-GIv-OMe  229 
Boc-VALUAL-Acp-VALFJVAL- 
OMe  766 

Cbz-Ala-Val-Ser(tBu)-Gly-Pro-Phe- 
tBu  213 

extended  model  peptides  276 
heat-stable  enterotoxin  295 
3  io-helix  350 
inverse  y-turn  213 
Leu-zrrvamicin  17] 
macrocyclic  triproline  template  350 
(aMe)Val  containing  peptides  245 
(L-Pro-Aib)n  sequential 
peptides  290 

reverse  transcriptase.  RHase  H 
domain.  HIV-1  682 
rhizopuspepsin  inhibitors  413 
RNase  H  domain,  HIV-1  reverse 
transcriptase  682 
/3-sheet  models  766 
/3-turn  models  191 
g-CSF  peptides  454 
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CTL 

see  Cytotoxic  lymphocytes 
Cyclic  peptides 

angiotensin  II,  cyclic  257,  260 
a-antitrypsin  analogs  859 
bifunctional  371 
bombesin  40 
/3-casomorphin  103 
cyclic  opioid  peptides  253 
cyclolinopeptide  A  871 
cycloseptide  476 
cyclosporin  470,  785 
cycio[Xxx-Pro-GIy-Yyy-Pro- 

’  Glv1  775 
DDDA  511 
dermorphin  97,  1 19 
endothelin  antagonists  8 1 2 
ethylene  glycol  cross-linked 
residue  5 1 1 

fibrinogen  receptor  antagonist  755 
glucagon  439 
GnRH  33 
GRF  agonists  33,  77 
CRF  antagonists  33 
3|0-helix  350 
L-367,073  657 
lactams  77.  239.  439 
macrocylic  triproline  template  350 
neuropeptide  Y  17,136 
somatostatin  3,  305 
/3-turn  models  191 
Cyclization,  intra/interchain  reaction, 
Kaiser  oxime  resin  535 
Cyclolinopeptide  A  analogs  871 
Cyclophilin  470,  785 
Cycloseptide  476 
Cyclosporin  A  470,  785 
Cyclosporin,  distance-distance  energy 
maps  283 

Cystatin-papain  interactions  793 
Cysteine 

containing  peptides,  handling  576 
protection  with  Tmob  and  TMTr 
groups  605 
side  reactions  576 
Cysteine  peptides 
handling  576 

Cytochrome  subunit  N-terminal 
peptide  from  photosynthetic 


reaction  center  472 
Cytokine-induced  neutrophil 
chemoattractant  9 1 1 
Cytotoxic  peptides 
LHRH  derivatives  49 
Cytotoxic  T  lymphocytes  832,  835,  839, 
842.  857 

antigenic  peptides  832,  835,  842 
serine  proteases,  inhibitors  857 
Cytotoxicity  919,931 

DDDA 

see  2.9-Diamino-4,7-dioxadecanedoic 
acid 

DDP 

see  Dipeptidylpeptidase 
Decomposition,  Boc  542 
Degradation  23,54,80,91 
Deltorphin  115,140 
Denaturation 
thermal  217 
Dermorphin 

analogs  97,  119 
Diabetes  mellitus 
see  Insulin 

Diaminocarboxvlic  acids  103 
2.9-Diamino-4,7-dioxadecanedoic  acid 
(DDDA)  containing  cyclic 
peptides  5 1 1 

Dicarba.  disulfide  mimetic  763 
Didemnin  A,  N-acyl  analogs  919 
Diethylenetriaminopentaacetic  acid 
somatostatin  analog  (SDZ  215- 
811)  106 

Diethylglycine  273 
Dihydroorotyl-peptides  653 
Dipeptide  mimetic  621 
Dipeptidyl  peptidase  (DPP-IV)  23.  80, 
85,91 

Dipeptoids  779 

Distance-distance  energy  maps  283 
Distance  geometry  29,313 
Disulfide  bond  formation,  in 
DMSO  499 
Disulfide  mimetics  763 
DKP-insulin  29 
D/L-Amino  acid  analysis  531 
DNA  binding  peptides  356 
DnaK  206 
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Dopamine  receptor  antagonists  757 
DPDPE  140 
Dynorphin  A  134,152 
membrane-bound 
conformation  233 

Echistatin  383 

E.  coli  chaperones  206 

E.  coli  expression,  human  insulin  669 

E.  coli  expression  libraries  485,  595 

Edman  degradation  132,  157.  905.  937 

EGF 

see  Epidermal  growth  factor 
Elastase.  human  neutrophil. 

inhibitors  803 
Electron  microscopy  183 
Electron  transfer,  photoinduced  462 
Eledosin  674 
ELISA 

see  Enzyme-linked  immunosorbent 
assay 

Enantiomer  labeling  531 
Enantiomeric  purity  531 
Endocrine  system,  interaction  with 
immune  system  829 
Endopeptidase 

magainin-specific  223 
Endothelin  (ET) 
alanine  scan  402 
D-alanine  scan  404 
analogs  402, 404 
antagonists  808,  812 
biotinylated  427 

distance-distance  energy  maps  283 
synthesis  402, 404 
Energy  calculations 

see  also  Molecular  modeling 

3,  88.  124.  140.  142,  154.  191.  213. 
219.233,  235.245,260,  276.  283 
Energy  transfer  134 
Enkephalin 

aininopeptidasc  inhibitors  788 
trifluoromethyl-containing 
peptides  788 
Enzymatic 
cleavage 

magainins  223 
N-phenylacetyl  protecting 
group  527 


prohormone  precursor  227 
degradation  23,54,80,85,91 
digestion  23.54,80.85,91 
peptide  synthesis  57,117,458, 
513,615 

polar  solvent  effects  513 
Enzyme 

catalyzed  glvcosvlation  645 
catalyzed  peptide  synthesis  57.  117. 
513.  549.  615 
esterolvsis  513 
polar  solvent  effects  5 1 3 
proteolysis  513 

Enzyme-linked  immunosorbent  assay 
(ELISA)  842.845,847,863.869.895 
hapten  immobilization  869 
small  peptide  haptens  869 
Epidermal  cell  growth  inhibitors  797 
Epidermal  growth  factor  (EGF)  241 
binding  peptides  from  TGFa  410 
calcium  binding  241 
-like  domain  241 
Epitope 

libraries  485.  489.  492.  595 
mapping  485.697.715.895 
peptides  485.  578.  595.  679.  688.  69 1 . 
694.  697.  699.715.719.  723.  832. 
835.  839.  842.  845.  847.  895 
T  cell  697.  736.  832.  835.  839.  842 
Epitopes,  viral 

African  swine  fever  virus,  pi 2 
protein  719 

feline  leukemia  virus  691 

hepatitis  B  723 

HIV- 1  679,688,697,699. 

715,  736 

influenza  M-protein  694 
parvovirus  (erythema 
infectiosum)  578 
Equilibrium  sedimentation  analysis 
DK-insulin  88 

Equine  infectious  anemia  virus  protease. 

total  chemical  synthesis  717 
Ethylene  glycol  cross-linked  amino  acid 
containing  cyclic  peptides  51 1 
Expression  of  protein  in  yeast  666 
Expression  libraries  (phage), 
peptides  485  595 
Extended  conformation  276 
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FAB  (fast  atom  .bombardment)  MS  126 
a-Factor,  truncated  analogs  935 
Factor  IX,  EGF-like  domain  241 
Factor  Xa  908 
Famesylation  899, 933 
Farnesyltransferase  933 
Feline  leukemia  virus,  vaccine  691 
Fibrinogen 

receptor  antagonists  657.  752, 
788,761,914 

Fluorescence  emission  292,  348 
Fluorescence  energy  transfer  134,  383 
Fluorescence  microscopy,  binding  to 
planar  membranes  464 
Fluorescent-labeled 
glucagon  400 
a-MSH  599 

Fluorogenic  peptides  599 
Fluoroolefin  peptide  bond  mimic  161 
5-Fluoroproline,  synthesis  of  818 
Fmoc 

amino  acids  537,  564 
acid  chlorides  564 
2-alkoxy-5(4H)-oxazolones  564 
benzhydryl  resins  544 
in  automated,  continuous  flow 
synthesis  672 
tryptophan  537 
versus  Boc/HOBt  566 
Foot-and-mouth  disease  virus,  synthetic 
vaccine  832 

Four-helical  bundle  326,  329,  335,  339, 
368 

Fourier  transform  infrared  spectro¬ 
scopy  (FTIR)  203,231 
FTIR 

see  Fourier  transform  infrared 
spectroscopy 

GAP 

see  Growth  associated  protein 
Gastrin  releasing  peptide  (GRP)  63 
GH 

see  Growth  hormone 
GHRH 

see  Growth  hormone-relasing 
hormone 
Gla 

see  y-Carboxyglutamic  acid 


Gla-domain  peptide,  prothrombin 
fragment  1  285 

a-Globulin  segment  splicing  362 
Glucagon 

constrained  analogs  439 
fluorescent-labeled  400 
Glycopeptide  synthesis  243,  371,  881 
Glycoprotein  (gp),  ilb/IIIa  complex 
see  RGD 

0-Glycosylated  threonine  645,  881 
O-Glycosylated  tuftsins  881 
Glvcosvlation 
O-  645.881 

Glycosvl  peptides  243,  881 
GnRH 

see  Gonadotropin-releasing  hormone 
Gonadotropin-releasing  hormone 
(GnRH) 

antagonists  33, 262 
cyclic  33, 262 
gp  120  (HIV)  688 
G  proteins  393 
substance  P-related  peptide 
regulation  466 
Grafted  microspheres  529 
Gramicidin  A  165,247 
Gramicidins  271 
Granulins  929 

Granzvmes  A  and  B,  inhibitors  857 
GRF 

see  Growth  hormone-releasing 
factor 

GroEL  206 
GRP 

see  Gastrin  releasing  peptide 
Growth  associated  proteins 
p46  protein  46 

Growth  hormone.  /3-aspartimide- 
containing  268 

Growth  hormone-releasing  factor/ 
hormone  (GRF/GHRH) 

Aib  scan  437 
alanine  scan  437 
amidation,  enzymatic  458 
analogs  23,  33.  44,  77,  80,  85 
bioactivity  23.  33,  44,  77,  80,  85 
conformational  analysis  33,  77 
cyclic  33 

enzymatic  amidation  458 


968 


Subject  index 


enzymatic  degradation  23,  80,  85 
hydroxyalkylation  91 
lability  23,  80,  85 
(l-29)-NHi  analogs  77,80.85,437 

Hapten  immobilization  in  ELISA  869 
Haptenic  conjugates  863 
HBTU,  in  situ  activation,  Schiff  base 
analog  formation  523 
Heat-stable  enterotoxin  295 
Heavy  metal  binding  peptides  415 
a-Helical  coiled  coils  323 
a-Helices 

amphiphilicitv  168.  183,  329,  341, 
346,  348,  855 

calcium  binding  209,323,341 
coiled  coil  323,  341,  346 
cosolvent-induced  362 
four-helix  bundle  326,  329,  335, 

368,  378 
nucleation  352 
stabilization  323,  341,  346 
3-state  equilibrium  model  352 
T-cell  determinants  (epitopes)  <S55 
three-helix  bundle  329 
Helical  filaments  109 
Helix 
3,„-  350 

a-  33,66,168,183.265,417 
»r-  33 
i-  33 

amphiphilic  37,  168.  171,  183.  329. 

341.  346.  348.  368.688 
bent  model  171 
coiled  coil  323,  341,  346 
four-helix  bundle  326,  329,  335.  368. 
378 

helix  nucleation  template  352 
model,  3-state  equilibrium  352 
peptides  37,33,66.168,171,183. 
265,323,  329,  335,341,346.  347. 
348,  352.  368 
stabilization  239 
supersecondary  structural 
motifs  368 
three-helix  bundle  332 
types  of  33 

Hemolytic  activity  433.  688 
Hemophilus  influenzae,  outer  membrane 


protein  37  697 

Hemopoietic  cell  growth  inhibitors  797 
Heparin  binding  site,  antithrombin 
III  420 

Heparin  mimics  771 
Hepatitis  B  virus 
core  antigen  723 
e  antigen  723 
High  performance  liquid 

chromatography  (HPLC) 
hydrophilic  interaction 
chromatography  546 
surface  mapping  of  peptides  580 
High  pressure  aminolvsis.  of  unactivated 
esters  593 
HILIC 

see  hydrophilic  interaction 
chromatography 
Histamine  release  82 
Histidine 

side  reactions  of  Bom  and  Bum  641 
His-tRNA  synthetase,  mass 
spectrometrv  558 
HIV- 1 

conservation  of  conformational 
features,  versus  HTLV-1  and 
MuLV  711 
epitope  mapping  679 
envelope  glycoproteins,  viral 
conservation  of  conformational 
features  711 

gp41  tachykinin  peptide  699 
gp  160  peptides  715 
neurotoxic  activity,  associated  with 
tat  707 

nucleocapsid  peptides  745 
peptides  679,  685,  688.  699,  70 1 .  707. 
709,  713,  715.  725.  727.  729,  736. 

740.  842 

principal  neutralization 
determinant  679, 842 
protease 

antibodies  mimicking  active 
site  743 
assays  713,725 
inhibitors  709.  727.  729.  740. 

781 

rigid  bicvclic  /3-turn  mimic 
containing  732 
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substrates  713,725 
intramolecular  fluorescent  energy 
transfer  713 

p  1 7/p24  cleavage  site  725 
total  chemical  synthesis  705 
RNA-rar  fragment  interaction  685 
tachykinin-like  peptide  from 
gp41  701 

tat  fragment-lipid  interactions  707 
tat  fragment-RNA  interaction  685 
T  cell  epitopes  697,  736,  842 
virus-induced  cell  fusion, 
inhibition  685 
zinc  finger  745 
HLA  see  also  MHC 
class  I  832,  835,  842 
class  II  839,  861 
DR  1  molecules  875 
DR3  molecules  861 
HO-Tic,  containing  opioid 
peptides  307 
HPLC 

see  High  performance  liquid 
chromatography 
Human 

amylin  66, 441 

calcitonin  20 

CGRP  661 

GnRH  33 

GRF  23,44,91 

growth  hormone  (hGH)  268 

immunodeficiency  virus  see  HIV 

insulin  26,  29,  57,  88,  666,  669 

MSH  44 

proinsulin  A-C-B  93 
PTH  37 

transforming  growth  factor  a 
(TGFa)  217,468 
HYCRAM-resin  502,674 
0-HYCRAM-resin  502 
Hydrazides,  of  protected  peptides  551 
Hydrophilic  interaction  chromatography 
(HILIC)  546 

Hydrophilic  supports,  SPPS  on  597 
Hydroxyalkylation  91 
Hydroxycrotonoylamidomethyl  linker 
see  HYCRAM 

Hydroxyethylene  transition  state 
inhibitors,  HIV-1  protease  740 


Hypothalamic-pituitary-adrenal 
axis  829 

ICAM-1  peptides  853 

IgE  receptor,  cytoplasmic  domain  231 

IgG 

see  immunoglobulin  G 
Immune  system,  interaction  with 
endocrine  system  829 
Immunogenicity 
haptenic  conjugates  863 
4a-helical  bundle  structural  motif 
peptides  368 

aa  supersecondary  structural  motif 
peptide  368 

Immunogens,  keyhole  limpet 
hemocyanin  865 

Immunoglobulin  G,  variable  region  light 
and  heavy  chains,  synthesis  849 
Immunometric  immunoassays  734 
Immunosuppressive  activity  873 
Indium-labeled  peptide  106 
Indolicin  905 
Influenza  M-protein  694 
Influenza  virus  694,  703 
Infrared  spectroscopy  see  IR  studies 
polarized  IR-ATR  168 
Insulin 

4-azidosalicyloyl  72 
biosynthetic  666, 669 
biotinylated  72 
Bpa-  57 

chymotrypsin-catalyzed 
semisynthesis  549 
DKP-insulin  29, 60 
equilibrium  sedimentation 
analysis  88 

expression  in  E.  coli  669 
expression  in  yeast  666 
fast-acting  26,  88 
KP-  88 

molecular  dynamics  88 
NMR  29 

proinsulin  A-C-B  93 
semisynthesis  549 
short  duration  88 
Insulin-like 
growth  factor  I  26 
peptides  26 
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Insulinoma,  amyloid  deposits  66 
Interatomic  distance  measurements  178 
Intercellular  adhesion  molecule- 1 
see  ICAM-1 
Interleukin-8  911 
Interleukin- 1)3  convertase, 
substrates  891 

Intrachain  disulfide  bridge  499,  911 

Inverse  y-turn  213 

Ion 

channels  171 

-spray  see  mass  spectrometry 
Ionophore  peptides  917 
IR  studies 

ACTH  analogs  168 

/3-amyloid  203 

dynor-Phe  168 

dynorphin  A  (1-13)  168 

eledosin  1 68 

/3-endorphin  168 

gastrin  168 

glucagon  168 

gramacidin  A  165 

IgE  receptor,  cytoplasmic  tail  231 

(aMe)Val  containing  peptides  245 

a-MSH  168 

physalaemin  168 

Isotope-edited  coupling  analysis  203 

Kaiser  oxime  resin  239,  535 
Keyhole  limpet  hemocyanin 
fragments  865 
Kinetics 

of  peptidyl-prolyl  cis-trans 
isomerase  470 

L-367,073  657 
Lactam  bridges  239 
glucagon  analogs  439 
GRF  agonists  77 
NPY  analogs  480 
Laminin-like  peptides  925 
Langmuir-Blodgett  films  165 
Lantibiotics  302 
Large  scale  synthesis  672 
CGRP  661 

fibrinogen  receptor  (platelet) 
antagonist  657 
insulin  666, 669 


L-367,073  657 
Peptide  T  664 
LDH-C4  368,  883,  886 
LD-TOF  (laser  desorption-time  of  flight) 
MS  126 

Leader  peptides  265,4021 
Leucine  zippers  346,  360 
Leukocyte  elastase,  inhibitors  795,  859 
LH 

see  Luteinizing  hormone 
LHRH 

see  Luteinizing  hormone  releasing 
hormone 

Libraries,  peptides  489,  560 
Libraries  (phage),  peptides  485,  595 
Light-directed  combinatorial  peptide 
synthesis  489 

Light-directed  spatially  addressable 
parallel  chemical  synthesis  489 
Linkers 

acid-labile  (XAL)  601 
spacer  17 
Lipid 

bilayer  165,  168 
intermixing  183 
membrane  37,  165,  183 
micelles  225 
monolayers  165 
-peptide  interactions  37,  165, 

168,  225,  233,  247,  688 
vesicles  37,183,233,688 
Lipidic  amino  acids 
conjugates  with 
cephalosporin  448 
penicillin  448 

heteroalkyl,  synthesis  of  452 
Lipidic  peptide  conjugates  with 
cytostatic  agents  450 
nucleoside  antiviral  agents  450 
Lipoconjugates  448,  450,  832,  845 
LipoMAP  847 
Lipopeptides 

conjugated  to  nucleoside  antiviral  and 
cytostatic  agents  450 
MAP  847 

mating  pheromone  899 
Lipopolysaccharide-binding  250 
Luteinizing  hormone  74 
Luteinizing  hormone  releasing  hormone 
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antagonists  33, 82 
cytotoxic  analogs  49 
LY282056  799 
Lysozyme/T  cell  epitope 
conjugates  889 

M 13  coat  proteins  171 
Macrocvclic  triproline  template  350 
Magaininase  223 
Magainins  223 

Major  histocompatibility  complex 
(MHO  832,839.861.875 
Maleimido-based  reagents. 

radiolabeling  556 
MAP 

see  Multiple  antigen  peptide 
MARCKS  protein  923 
Mass  spectrometry  (MS) 

CID  (collision-induced 
dissociation)  126 

FAB  (fast  atom  bombardment)  126 
LD-TOF  (laser  desorption-time  of 
flight)  126 
matrix-assisted  laser 
desorption  558 
tandem  126 
Mastoparan  393 
substance  P-related  peptide 
inhibition  393 
a-Mating  factor  899 
a-Mating  factor  935 
Matrix-assisted  laser  desorption  mass 
spectrometry  558 

Matrix  metalloprotease  inhibitors  820 
a-Melanocyte-stimulating  hormone 
(«MSH)  33.389.429 
fluorescent  analog  599 
a-Melanotropin 
see  a-Melanocyte-stimulating 
hormone 
Melittin 
analogs  433 
Membrane 
bilavers  165,  183 

-bound  peptides  165.  168,  233,  688. 
707 

protein  46 

-tat  peptide  (from  HIV-1) 
interactions  707 


Metabolically  stabilized  analogs  23,  54, 
80,  85 
Metal 

-binding  332 

template  (three-helix  bundle)  332 
Metalloprotease,  inhibitors  820 
Metalloproteins.  synthetic  431 
Metallothionein  I.  a  fragment  415 
methionine  regeneration  (from  S- 
benzvl-sulfonium  derivatives)  470 
Methionine  regeneration  (from  S-benzyl- 
sulfonium  derivatives)  470 
,\!HC 

see  Major  histocompatibility  complex 
Mimetics 
disulfide  763 
protein  surface  326 
Mimotope  mapping  485 
Mixotope  842 
Model 

for  kinetics  of  peptidyl-prolvl  cis-irans 
isomerase  470 

for  3->tate  equilibrium  for  helix- 
nucleation  352 

Molecular  dynamics  simulations  3,  88, 
191.  255,  262 
Molecular  modeling 
angiotensin  II 
antagonists  786 
cyc’ic  260 
a/p  barrels  376 
betabellin  12  364 
calcium  binding  peptides  235 
CCK-8  142 
dermorphin  154 
a,  /3-dimethylphenvlalanine  768 
distance-distance  energy  maps  283 
dynorphin  A  233 
GnRH  antagonist,  bicyclic  262 
3|0-helicc.  350 
helix  nucleation  templates  352 
KP-insulin  88 

macrocvclic  triproline  template  350 
(aMe)  Val  containing  peptides  245 
morphiceptin  154 
rhizopuspepsin.  active  site  413 
somatostatin  3 

T  cell  determinants  (epitopes)  855 
thioredoxin  337 
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Tic  768 

TRH,  cyclopropane  analogs  219 
/3-turn  models  191 
y-turn  models  366 
turns  191,124,142.191,213.366 
Moloney  murine  leukemia  virus 
(MoMuLV)  745 
MoMuLV 

see  Moloney  murine  leukemia  virus 
Monoclonal  antibody 
anti-AChR  309 
anti-fibrinogen  237 
anti-FSH  651 
anti-HBe2  723 

anti-MUC-2  (tumor  detection)  446 
anti-TNFo  468 
-peptide  interactions  867 
reactivity  309,  446,  468,  65 1 , 

867 

Monolayer  Films  165 
Monosized  microspheres  529 
Morphiceptin  138 
Mosquito  oostatic  hormone  927 
Motilin  396 
MS 

see  Mass  spectrometry 
MSH 

see  Melanocyte-stimulating 
hormone 

MUC-2  peptides  446 
Mucin  peptides  446 
Multiple  peptide  synthesis 
antigens  468,  699,  832.  845, 

847,  893 

Multivalent  ligands 
polymeric  carrier  dextran  873 
polyvinyl  alcohol  attached  599 
/3-sheet  template  886 
Mycobacteria.  T  cell  epitope  861 

Nase 

see  Staphylococcus  aureus  nuclease 
iV-biotinovl  69 

Neocarcinostatin.  holo-form  313 
Neurofibrillary  tangles  109 
Neurohypophysial  hormones  (asvatocin/ 
phasvatocin)  937 
Neurokinin  A 
antagonists  124 


SAR  124 
Neuromedin  B  42 
Neuromedin  U 

comparison  chicken  small  intestine 
and  pig  132 

isolation  from  chicken  small 
intestine  132 
Neuropeptides 

from  bovine  brain  157 
Neuropeptide  Y 
analogs  417,480 
antagonist  66 
conformation  17.417 
cyclic  analogs  17 
shortened  analogs  17,  148 
Neutralization,  in  situ  623 
Nisin,  prepeptide  synthesis  613 
Nitrogen  mustard  alkylating  agents 
LHRH  analogs  49 

Nitroveratryloxycarbonyl  (NVOC)  489 
NMDA 

see  jV-methyl-D-aspartate 
/V-methyl-D-aspartate 
-induced  activation  of  CAt 
hippocampal  pyramidal 
neurons  148 
NMR 

see  Nuclear  magnetic  resonance 
yV-myristoyl  69 
NPY 

see  Neuropeptide  Y 
Nuclear  magnetic  resonance 
acetylcholine  receptor  a  fragment 
free  state  309 
bound  to  anti-AChR 
antibody  309 
achatin-1  146 
amide  surrogates  containing 
peptides  315 
/3-amyloid  203 

angiotensin  II  cyclic  analogs  257 
bacteriorhodopsin.  l5N-enriched 
arginine  297 
bis-cysteine  peptides,  as 
ionophores  917 
bombesin  antagonist  225 
calcium  binding  241 
chaperones.  E.  coli  206 
charvbdotoxin  195 
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cyclic  opioid  peptides  253 
cyclosporin  A  785 
cyclo[Xxx-Pro-Gly- Y  vy-Pro- 
Gly]  775 
deltorphin  115 
dermorphin  154 
a,  /3-dimethylphenylalanine  768 
DKP-insulin  29 
DQFCOSY  195 
dynorphin  233 
echistatin  383 
l9F  178 

fibrinogen  7-chain,  carboxyl 
terminus  237 
/?-folding  315 

four-helix  bundle  protein  339 
gramicidins  271 
growth  hormone,  /9-aspartimide 
containing  268 
4-helix  bundle  protein  339 
helix  nucleation  template  352 
insulin  29 

M 13  coat  protein  174 
macrocyclic  triproline  template  350 
(aMe)Val  containing  peptides  245 
morphiceptin  138,  154 
15N-enriched  bacteriorhodopsin  297 
neocarcinostatin,  holo-form  313 
neurokinin  A  antagonists  124 
NOE  distance  constraints  3 
OmpA  signal  peptide  265 
opioid  peptides  253 
PLG  amide  analogs  757 
prothrombin  fragment  I  285 
REDOR  178 
solid-state  203,  315 
somatostatin  3,  305 
substance  P  161 
subtilin  302 
TEDOR-REDOR  178 
Tic  768 
troponin  C  209 
/3-turn  models  191,777 
7-turn  models  366 
Nucleation 
3|0-helices  350 
helix  templates  352 
/3-sheets  319 
Nucleocapsid  peptides 


HIV  745 
MoMuLV  745 

Octreotide  (SDZ  2 1 5-8 1 1 )  106 
OmpA  signal  sequence  265 
Oostatic  hormone  (mosquito)  927 
Opiate  receptor  138,  140,  144,  154 
Opioid  6  agonists  140,144 
Opioid  e  agonists  138 
Opioid  peptides  100,  103,  119,  138, 
140,  144,  154,  253,  307 
containing  HO-Tic  307 
Opioid  receptor  ligand,  selective  100, 
119,140,144 

Osmometry,  vapor  phase  319 
S-oxidation  478 
S-oxide  reduction  470 

p21(ras)  933 

Paired  helical  filaments  109 
Paloc 

see  3-(3-Pyridyl)allyloxycarbonyl 
Papain-cystatin  interactions  793 
Parathyroid  hormone  (PTH)  37 
radiolabeled,  maleimido 
reagents  556 

Parathyroid  hormone  related  peptide 
analogs  902 
radiolabeled,  maleimido 
reagents  556 
PD- 134308  779 

PEG-benzhydrylamine  resin  631 
PEG-polystyrene  supports,  synthesis 
on  358,589,603,631 
Penicillin  conjugates  448 
PEPSCAN  (overlapping  peptides) 

FSH  651 
TGFa  410,468 
Peptides 
4j  183 

acidic  peptides  containing  /3- 
structure  292 

African  swine  fever  virus,  pi 2 
protein  719 
Aib-containing  290, 437 
Aib-substitution  437 
/3-Ala-containing  366 
alanine-substitution  150,  402,  404, 
437 


974 


Subject  index 


Peptides  (continued) 
amide-cyclized  795 
amide  surrogates  containing  3 1 5 
0-amyloid  129 
analogs 
achatin-I  146 
angiotensin  II  257.  386 
angiotensin-converting  enzyme 
inhibitors  788 
a-antitrypsin  analogs  795 
aspartic  acid  peptides,  phosphonic 
(phosphinic)  analogs  609 
atrial  natriuretic  peptide  921 
atrial  peptide-degrading  enzyme 
inhibitors  791 
bombesin  40,  42.  52 
bradykinin  113,398 
calcitonin  20 
0-casomorphin  103 
CCK,  dipeptoid  antagonist  779 
CCK,  tryptophan-derived, 
antagonists  759 
CCK-4  100, 406 
CCK-7  408,  443.  456 
CCK-8  142 
CGRP  661 
<o-conotoxin  159 
cyclic  opioid  peptides  253 
cyclolinopeptide  A  analogs  871 
deltorphin  140 
dermorphin  97,  119,  154 
didemnin  A,  N-acyl  analogs  919 
diethylglycine  containing  273 
dynorphin  A  134 
endothelin-1  402,404 
l9F-labeled  178 
fibrinogen  receptor 

antagonist  752,755,761,914 
glutamic  acid  peptides,  phosphonic 
(phosphinic)  analogs  609 
GnRH  33 
gramicidin  A  165 
GRF  23,33.44.77.80,85.91. 
437 

GRP  63 
hCG  74 

HLA-DR1  binding  peptides  875 
HO-Tic  containing  307 
insulin  666, 669 


IGF-1  based  26 
KP-  88 

photoactivatable  57, 72 
interleukin- 10  convertase, 
substrates  891 
L-367,073  657 
LH  74 
LHRH  49,  54 
antagonists  82 
M 13  coat  protein  174 
MARCKS  protein  peptides  923 
a-mating  factor  899 
melittin  433 
morphiceptin  138.  154 
MSH  33.  389.  429 
neurokinin  124 

neuropeptide  Y  17,  148,  417,  480 
OmpA  signal  peptide  265 
p21  (ras),  farnesylation 
inhibitors  933 
peptide  YY  136 
phosphonic  (phosphinic) 
analogs  609 
PLG  amide  757 
PTH  37 
PTHrP  902 
somatostatin  3.  33,  287 
subtilin  302 
tachyplesin  I  250 
thrombin  inhibitors  801 
troponin  C  209 
vasopressin  117 
vasopressin  antagonists  122,763 
VIP  150 

antibacterial  183,250 
antimicrobial  250,271 
antithrombin  III,  heparin  binding 
site  420 

a-antitrypsin  analogs  859 
apolipoprotein  amphipathic 
helix  348 

Arg(Pmc)  deprotection  613 
0-bend  ribbon  spiral  290 
bifunctional  371 
biotinylated  69,72.427,734 
bis-amphiphilic  secondary 
structures  344 
bis-cysteine  peptides,  as 
ionophores  917 
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Peptides  (continued) 
Boc-VALUAL-Acp-VALUVAL- 
OMe  766 
bond  mimic  161 
Bordetella  pertussis  tracheal 
toxin  931 
bovine  brain  157 
Bpa-containing  57,  74 
bromoacetvl-derivatized 
peptides  633 
BSA  precursor  280 
Ca2+-binding  181,209,235,241 
cavitand  containing  373 
Cbz-Ala-Val-Ser(tBu)-Gly-Pro-Phe- 
tBu  213 

chaperones,  E.  coli  206 
charybdotoxin  195 
chemoselective,  one-step, 
purification  627 
chemotactic  peptides  423,  425 
CI-988  779 
cleavage  223 

coiled  coil,  a-helical  models  323, 

341,  346 

conformation  165,  168 
CP-96,  345  773 
C-reactive  protein  879 
cross-linking,  mastoparan  to  G 
proteins  393 

crown  ether  containing  371 
cyclization  3, 1 7, 33, 77, 97, 253, 775, 795 
Kaiser  oxime  resin,  use  239,  535 
cyclo[Xxx-Pro-Gly-Yyy-Pro- 
Gly]  775 

cysteine-containing  573,  639 
cytochrome  subunit,  N- 
terminus  472 
cytokine-induced  neutrophil 
chemoattractant  911 
cytotoxic  49 
design  3 

diethylglycine  containing  273 
dihydroorotyl  containing  653 
disulfide  bridges  159 
DNA  binding  356,  358 
-DNA  interaction  356,  358 
echistatin  383 
EGF  receptor  binding  410 
elastase  inhibitors,  human 


neutrophil  803 
eledosin  674 
endothelin-1 
antagonists  808,812 
biotinylated  427 
enkephalin  aminopeptidase 
inhibitors  788 

enzyme-catalyzed  synthesis  57,  117, 
458,513,615 

-epindolidine  conjugates  319 
expression  libraries  485,  595 
feline  leukemia  virus  691 
fibrinogen  y-chain,  carboxyl 
terminus  237 
fibrinogen  receptor 
antagonists  657,  752,  755, 
761,914 

fluorescent  labeled  glucagon  400 
fluoroolefin  161 
folding  217 

four-helix  bundle  326,  329,  335,  339 
FSH  651 
g-CSF  454 
glucagon  400. 439 
glycopeptides  243,371,881 
gramicidin  A  247 
gramicidins  271 
growth  hormone,  /3-aspartimide 
containing  268 
growth  inhibitor  797 
heat-stable  enterotoxin  295 
o-helical  peptide  coiled  coil 
models  323 
hemagglutinin  703 
heparin  binding  site,  antithrombin 
III  420 

heparin  mimics  771 
hepatitis  B  core  antigen  723 
hepatitis  B  e  antigen  723 
H.  influenzae,  outer  membrane 
protein  697 
histidine  protection  641 
HIV-l-related  679.  685,  688,  699. 
701,  707,  709.  713,  715,  725.  727, 
729,  736,  740,  745,  781,  842,  845. 
847 

hydroxyalkylated  91 
hypoglycemic  peptides  268 
1CAM-1  peptides  853 
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Peptides  (continued) 

IgE  receptor,  cytoplasmic 
domain  231 

immunoglobulin  G,  variable  region 
light  and  heavy  chains  849 
indolicidin  905 
influenza  hemagglutinin  703 
influenza  M-protein  694 
inhibitors 
aspartvl  proteases 

HIV-1  protease  709,  727, 

729,  740,  781 
renin  749,816 
rhizopuspepsin  413 
metalloproteases,  matrix  820 
serine  protease  857 
inverse  7-turn  213 
ion  channels  171 
laminin-like  peptides  925 
(antibiotics  302 
large-scale  synthesis  657,  66 1 . 

664,  666,  669,  672 
libraries,  peptides  489.  492,  560 
libraries  (phage),  peptides  485.  595 
lipid  interactions  165.168,183. 

225,  247,  292 

lipopeptides  185,448.450 
lipopolysaccharide-bindmg  250 
LY282056  799 

macrocyclic  triproline  template  350 
mastoparan  393 
melanotropin  389, 429 
metabolism  23 
(aMe)Val  containing  245 
mimetics,  phosphorous  609 
MoMuLV  745 

mosquito  oostatic  hormone  927 
MUC-2  peptides  446 
mucin  peptides  446 
neocarcinostatin,  holo-fortn  313 
neuromedin  U  132 
nisin.  prepeptide  613 
nucleocapsid 
HIV  745 
MoMuLV  745 

oostatic  hormone  (mosquito)  927 
overlapping  synthetic  697 
oxazolones  564 
paired  helical  Filament 


peptides  109 
PD- 1 34308  779 
peptide  T  664 
phosphonopeptides  553, 609 
phosphopeptides  243.553,591, 

619,  923 

(L-Pro-Aib)n  sequential 
peptides  290 
processing  23 

protein  kinase  C  inhibitors  185 
prothrombin  fragment  I  285 
pseudo-polvamino  acids  539 
PYL-*  435 

PYL3-mellitin  hybrid  peptide  435 
radiolabeling,  maleimido 
reagents  556 
renin  inhibitors  749,816 
screening  pools  of  521 
secondary  structure  design  337 
serine  protease 
inhibitors  803.  857 
substrates  857 
serum  amyloid  P  879 
SK&F  107260  761 
somatostatin  3,  305 
substance  P  antagonist  773 
tachykinin-like  HIV  gp41  701 
TAP  908 

TGFa,  overlapping  peptides  410 
thrombin  inhibitors  799,  495,  806, 
814,  822.824 

tick  anticoagulant  peptide  908 
TPyClU,  as  a  coupling  reagent  625 
TRH.  cyclopropane  analogs  219 
Tuftsin,  O-glycosylated  881 
j3-turn  models  777 
tyrosine  kinase  \-abl  substrates  85 1 
urokinase  A  chain  fragments  810 
vaccines  679.  691,  832.  839,  842.  845. 
847 

vancomycin  299 
vasopressin  117 
vasopressin  antagonists  122,  763 
Peptide  T  664 
Peptide  YY  136 
Peptidomimetics 
carba  3.  621 
dicarba  763 
inhibitors  791 
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Peptidyl  epoxides  781 
Peptidyl  phosphonate  diphenyl 
esters  822 

Peptidyl-prolyl  cis-trans  isomerase  470 
Pertussis  toxin  931 

Pharmacophore  group  orientation  287 
Pharmacophore  peptides  150 
Phasvatocin  937 
N-Phenylacetyl  protecting  group, 
enzymic  cleavage  527 
Phosphitylation  619 
Phospholipase  A2  460 
Phospholipid  interactions 
see  Membrane 

Phosphonopeptides  609,  822 
Phosphopeptides  243,  553,  591,  609, 
619,  923 

Phosphorylated  paired  helical  filament 
peptides,  abnormal  109 
Phosphorylated  protein 
MARCKS  923 
p46  protein  (GAP)  46 
Phosphorylated  tyrosine  analogs  649 
Photoactivatable  analogs 
insulin  57, 72 
LH  74 

Photoaffinity  labeling  57,  72,  74 
Photolithographic  mask  489 
Photosynthetic  reaction  center 
cytochrome  subunit  in  472 
from  purple  bacterium  472 
Pierce  Award  Lecture  3 
Pigmentation  of  skin  429 
PKC 

see  Protein  kinase  C 
Planar  (platelet)  membranes  464 
Plasminogen  activator,  inhibitors  810 
Platelet  aggregation 
inhibitors  657,752,755,761 
PLG  amide,  analogs  757 
Pmc  deprotection 
by  TFA-trialkylsilane-methanoI- 
EMS  613 

formation  of  hydroxyl  amino  acid-O- 
sulfonates  629 

Point  substitutions,  HLA-DR1  binding 
peptide  875 
Polyalanine-23  33 
Polyamino  acid  mimetic  539 


Polyamino  acids  539 
Polymeric  biomaterials  539 
POPS  37 
PPIase 

see  Peptidyl-prolyl  cis-trans  isomerase 
PPIase  assays,  initial  velocity 
determination  470 
Presynaptic  receptors  460 
Proargylglycine  (Pra)  229 
Processing  enzymes  227 
Prohormone  processing  227 
Proline-containing  peptides 
(L-Pro-Aib)n  sequential 
peptides  290 
x-ray  structure  290 
Proline  isomerase,  cis-trans 
see  PPIase 

Promiscuous  T  cell  epitope  883 
Proteases/proteinases 
catalyzed  splicing  362 
HIV- 1,  total  chemical  synthesis  705 
substrate  of,  HIV  713 
Protein 

aggregation  200 
bacteriorhodopsin.  l5N-enriched 
arginine  297 
a/ (3  barrel  376 
chymohelizyme-1  335 
coiled  coil  464 
conformation,  prohormone 
precursor  227 
design  326,  329,  332,  335 
engineering  93 
farnesylation  829. 933 
fast-acting  insulin  26 
four-helix  bundle  326,  329,  332, 

335 

HIV-1  protease 
rigid  bicyclic  /?-tum  mimic 
containing  732 
total  chemical  synthesis  705 
-lipid  interactions  174 
metal  templates  332 
metalloproteins.  synthetic  431 
modifications  46 
-peptide  interactions  74 
phosphorylation  46.  553,  923 
protease 
HIV-1 
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rigid  bicyclic  0-tum  mimic 
containing  732 
total  chemical  synthesis  705 
SIV  738 

-protein  interactions  57,  72 
segment  splicing,  enzyme 
catalyzed  362 

sequencing  132,  157.  905.  937 

sheets  766 

SIV  protease  738 

surface  mimics  (TASP)  326  329, 

332 

three-helix  bundle  332 
TIM  barrel  376 
-tyrosine  phosphatase  553 
Protein  farnesyltransferase  933 
Protein  kinase  C  37,  185,  923 
Protein-tyrosine  phosphatase  553 
Proteolysis  23 

Pseudopeptides  52,  63,  124.  31 1,  573, 
621,763,  775.777.  820 
bombesin  52 
carba  621 

chemistry  311,573, 621 
dicarba  763 
GRP  63 

laminin-like  peptides  925 
metalloprotease  inhibitors  820 
neurokinin  A  antagonist  124 
polyamino  acids  539 
surrogates  311,573,763,777 
0-turn  models  777 
vasopressin  antagonists  763 
Pseudo-polyamino  acids  539 
PTH 

see  Parathyroid  hormone 
PTHrP 

see  Parathyroid  hormone  related 
peptide 

Purification,  chemoselective,  one-step,  of 
peptides  627 

Purple  bacterium  ( Rhodopseudomonas 
viridis)  472 
PYLa  435 

PYLJ-mellitin  hybrid  peptide  435 
Pyrazolinones,  as  active  esters  and 
coupling  reagents  585 
3-(3-Pyridyl)allyloxycarbonvl 
(Paioc)  643 


Racemization 

activated  amino  acids  496 
dependence  on  coupling  agent  496 
O-protected  hydroxyamino  acids  496 
Radioiodinated 

A  VP/oxytocin  antagonists  122 
tat  (HIV-1)  peptides  707 
Radiolabeling,  maleimido  reagents  556 
Raman  spectroscopy 
betabellin  12  364 
echistatin  383 
Rat 

amylin  66 
GRF 

(l-29)-NH2  analogs  33 
Receptor 

acetylcholine  receptor  309 
affinity  17, 26 
affinity  labeling  57,  74 
angiotensin  II  260 
binding  17,26,42 
bombesin/GRP  42,  52 
-bound  conformation  260 
CCK  100,  142,  406,  443,  456,  474, 
759,  779 
CG  74 
dopamine  757 
endothelin-1  427 
fibrinogen  657,752,755,761,914 
glucagon  400, 439 
IGF-I  26 

insulin  26,  57,  60,  72 
LH  74 

neurokinin  124, 773 
neuromedin  B  42 
NPY  17,152,417,480 
opioid  97,  119,  138,  140,  144, 

154,  788 

presynaptic  460 
probes,  biotinylated  427 
probes,  Bpa  57,  74 
probes,  fluoresent  400 
selectivity  42,  138,  406,  443,  480. 

773,  779 

somatostatin  106 
vasopressin  122 

Receptor  bound  conformation  3,154 
Receptor  localization  in  tumors  106 
Redox  triad,  lysine-based  462 
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Reduced  amide  bonds  398,  573 
diastereomer-free 
incorporation  573 
Reduced  dipeptides  398 
Reductive  acidolysis  cleavage,  ester- 
resin  533 

Relative  positional  importance  factor 
(RPIF)  867 
Renin 

inhibitors  749. 816 
Replaceability  factor  (RF)  867 
Retroviral  protease 
jee  HIV 

Retrovirus  protease  inhibitors 
see  HIV  protease  inhibitors 
Reverse  transcriptase,  HIV- 1  682 
RGD 

analogs  383,914 
inhibitors  657,752,755,914 
cyclic  755,914 
mimics,  peptide  752 
Rhizopuspepsin,  inhibitors  413 
Rhodopseudomonas  viridis  (purple 
bacterium)  472 
RIA 

see  Radioimmunoassay 
RNA-tat  fragment  interactions  685 
RNase  H  domain,  HIV  reverse 
transcriptase  682 
RPHPLC 

see  High  performance  liquid 
chromatography 

Saccharomyces  cerevisiae,  a-mating 
factor  899 

Saccharomyces  cerevisiae,  a-mating 
factor  935 

Safety  catch  protection  of  ester- 
resin  533 
SAR 

see  Structure  activity  relationships 
Schiff  base  analog  formation,  during 
HBTU  or  TBTU  activation  523 
Scintigraphic  localization  106 
Screening  pools  of  synthetic 
peptides  521 
SDZ  215-811  106 

Secondary  structure 
a//2-barrel  376 


/3-barrel  364 
/2-bend  ribbon  spiral  290 
bis-amphiphilic  structures  344 
coiled  coil,  a-helical  models  323, 
341,  346,  378 
cross  /3-fibrils  203 
design  method  337 
extended  conformation  276 
four-helix  bundle  326.  329.  339,  368. 
378 

helical  properties  and  types  33 
a-helical.  coiled  coil  models  323. 

341.  346 
3i0-helix  350 

a-helix  33.  37.  66.  77.  165.168.  265. 
348 

m-helix  33 
(-helix  33 

4-helix  bundle  326,  329,  339, 

368,  378 

inverse  y-turns  213 
/3-sheets  66.  168.  174,  241, 278.  319. 
766 

supersccondarv  motifs  326.  329. 

332,  335.  368 

TRH.  cyclopropane  analogs  219 
three-helix  bundle  332 
/2-turns  3.74.124.146.191. 

262,  295 
y-turns  366 
inverse  213 

Segment  condensation  505 
Segment  insolubility  505 
Selectide  process  492 
Self  peptides  832 
Semisynthesis  57,  1 17,  362.  54' 
Sequencing 

C-terminal  amides  132 
N-terminal  132.157,905.937 
self  peptides  832 
tandem  MS  (MS/MS)  126 
Serine  protease  inhibitors  803 
Serine  proteases  549.  803 
Serum  amyloid  P  879 
/2-Sheet  66.  168.  174,  241,  278.  319.  766 
Short  circuit  current  136 
Side-chain  interactions  775 
Signal  peptides  265.  280 
Signal  transduction  181 
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Silicon-protected  tyrosine  635 
Simultaneous  multiple  peptide  synthesis 
(SMPS)  433.  867 
Site-directed  mutagenesis  174 
SIV  protease,  total  chemical 
synthesis  738 
SK&F  107260  761 
SMPS 

see  Simultaneous  multiple  peptide 
synthesis 

Solid-phase  peptide  synthesis  (SPPS) 
see  also  Synthesis  and  Solution  peptide 
synthesis 
achatin-I  146 

2-alkoxy-5(4//)-oxazolones,  use 
in  564 

allyl  based  side  chain 
protection  583 
allylic  anchoring  group  502 
amylin  66,441 
/3-amyloid  109,129,203,278 
alanine  substitution  402,  404 
angiotensin  II,  cyclic  257 
apolipoprotein  amphipathic 
helix  348 

atrial  peptide-degrading  enzyme 
inhibitors  791 

benzhydryl  resin,  with  Fmoc  544 
betabellin  12  364 
bombesin  40,  42,  52 
Bordetella  pertussis  tracheal 
toxin  931 
bradykinin  113 
BSA  support  623 
calcitonin  20 

carboxyl  amide  terminal  (CAT) 
resins  571 
CCK-7  443. 456 
CCK-8  142 
CGRP  661 
chymohelizyme-1  335 
coiled-coil  dimers  346 
ou-conotoxin  159 
convergent  607 

coupling  rates,  correlation  with  resin 
swelling  569 
cyclic  disulfide  analogs  3 
cyclization  3 
cycloseptide  476 


cyclo(Xxx-Pro-Gly-Y  yy-Pro- 
Gly]  775 

cysteine  containing  peptides, 
handling  576 

cysteine  protecting  groups.  Tmob  and 
TMTr  605 
cytochrome  subunit,  N- 
terminus  472 
deltorphin  140.  144 
dermorphin  97.119 
DNA  binding  peptides  356,  358 
dynorphin  A  134.152 
eledosin  674 
endothelin  402. 404 
fibrinogen  y-chain.  carboxyl 
terminus  237 

Fmoc  amino  acid  2-alkoxy-5(4//)- 
oxazolones,  use  in  564 
Fmoc  amino  acids,  acid  chlorides,  use 
in  564 

four-helix  bundle  326.  329,  378 
glucagon  439 
glycopeptides  243 
glycosylated  tyrosine  587 
GnRH  antagonists,  cyclic  33 
gramicidin  A  165 
GRF  23,  33.  44.  77.  80,  85,  437 
growth  hormone.  /3-aspartimide 
containing  268 
GRP  63 
hCG  74 

HMPB  linkage  525 
heat-stable  enterotoxin  295 
heparin  mimics  771 
HIV-1,  principal  neutralizing 
determinant  679, 842 
HIV-I-related  679.685.688,699. 
701.707,  709.713.715.  725,727, 
729,  736.  740.  745.  842.  845,  847 
hydrophilic  supports  597 
ICAM-1  peptides  853 
IgE  receptor,  cytoplasmic 
domain  231 

immunoglobulin  G.  variable  region 
light  and  heavy  chains  849 
indolicidin  905 
insulin  57,  60.  72 
insulin  (fast-acting)  26.  88 
interleukin-1/8  convertase. 
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substrates  891 
L-367,073  657 
laminin  925 
large  scale  657,661,672 
LH  74 

LHRH  antagonists  82 
a-melanotropin  389 
melittin  433 

mosquito  oostatic  hormone  927 
motilin  396 

neurokinin  A  antagonists  124 
neuropeptide  Y  17,  69,  148,  480 
neutralization,  in  situ  623 
nucleocapsid 
HIV  745 
MoMuLV  745 
on  BSA  637 
on  Hycram  674 

oostatic  hormone  (mosquito)  927 
p21  (ras),  farnesylation 
inhibitors  933 
paired  helical  filament 
peptides  1 09 
parvovirus  (erythema 
infectiosum)  578 
peptide  YY  136 
Pmc  deprotection 
by  TFA-trialkylsilane-methanol- 
EMS  613 

formation  of  hydroxyl  amino  acid- 
O-sulfonates  629 
phosphopeptides  243,591 
protected  peptides  for  fragment 
coupling  525 

prothrombin  fragments  285 
pseudodipeptides,  diastereomer-free 
incorporation  573 
racemization  496 
screening  pools  521 
side  reactions  478 
somatostatin  3 
SMPS  433 

supports  239.  502,  525,  571,  597.  603. 
631,637,  674 

synthetic  peptide  libraries 
(Selectide)  492 

swelling  of  resins,  correlation  with 
coupling  rates  569 
T  cell  epitopes  832 


TAP  908 
TBTU,  use  in  647 
template-assembled  synthetic 
proteins  326,  329,  332,  335 
tick  anticoagulant  peptide  908 
Tmob,  cysteine  protecting 
group  605 

TMTr,  cysteine  protecting 
group  605 
TPyClU  625 

transforming  growth  factor  a  217,  468 
troponin  C  209.  341 
/3-turn  models  777 
two-dimensional  protection  533 
tyrosine  kinase  \-abl  substrates  851 
vaccines  832.  839.  842.  845,  847 
venom  toxins  639 
VIP  150 
viral  epitopes  578 
Xal,  acid-labile  handle  601 
zinc  finger  fragments  358,  745 
Solid  phase  peptide  synthesizer, 

8  channel  507 
Solid-state  NMR 
ree  NMR 

Solution  conformation 

see  Conformation  and  NMR 
Solution  peptide  synthesis 
see  also  Synthesis  and  Solid  phase 
peptide  synthesis 
amidation,  enzymatic  243 
/3-amyloid  109.  129 
Bpa-insulin  57 
/3-casomorphin  103 
CCK,  tryptophan-derived, 
antagonists  759 
CCK-4  100 
CCK-7  443 
CGRP  661 

chemotactic  peptides  423,  425 
cionin  analogs  474 
a>-conotoxin  159 
cyclic  dermorphin  97 
cyclic  GnRH  antagonists  33 
cyclic  GRF  antagonists/ 
agonists  33 

cyclic  opioid  peptides  253,  255 
cytochrome  subunit.  N- 
terminus  472 
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cytokine-induced  neutrophil 
chemoattractant  911 
dermorphin  97,119 
diethylglycine  containing 
peptides  273 
I’F-labeled  1 78 
fragment  coupling  505 
GnRH  antagonists  33 
GRF  antagonists/ agonists  -  -  • 

77,91,458 
insulin  57,  72 
large  scale  661,664 
LH  74 
LHRH  54 

antagonists  82 

cytotoxic  49 
morphiceptin  138 
neurokinin  A  antagonists  \2A 
neuropeptide  Y  17 
octreotide  106 
peptide  T  664 
SDZ  215-811  106 

segment  insolubility  505 
somatostatin  3 
substance  P  161 
tachyplesin  1  250 

TASP  326,  329,  332 
0-turn  models  777 
■y-turn  peptides  366 
vasopressin  117,122 

vasopressin  antagonists  m 

Somatostatin 

analogs  3,  106,  287,  305 
antagonists  3 

conformation,  low  temperature  30 
cyclic  analogs  3,  305 
like  peptides  3 
mimetic  3  „,tx 

Octreotide  (SDZ  215-811)  106 

radioligand  106 
receptor  ligands  3,  106 
receptors  see  Receptors 

SAR  3  C.Q 

Spot-synthesis  technique  5 1  * 

SPPS  .  . 

see  Solid  phase  peptide  synthesis 

Staphylococcus  aureus  nuclease  » 
Stress-induced  actuation,  endocrine  and 
immune  systems  829 


0-Structure  292 

Structure  activity  relationships  (SAR) 
Ac-CCK-7  408 
achatin-l  146 
a-mating  factor  899 
amylin  66,441 
a-antitrypsin  analogs 
atrial  peptide-degrading  enzyme 
inhibitors  791 
AVP  122 

bombesin  40,  42,  52 
Bordetella  pertussis  tracheal 
toxin  931 

bradykinin 

antagonists  113 
calcitonin  20 
0-casomorphin  103 
CCK,  dipeptoid  antagonists 

CCK,  tryptophan-derived, 

antagonists  759 
CCK-4  100, 406 
CCK-7  408,  443.  456 
CG  74 
CI-988  779 
ciomn  analogs  474 
w-conotoxin  159 
CRF  33,437 

cvclolinopeptide  A  8/1 
cycloseptide  476 
cyclosporin  A  785 
deltorphin  140,144 
dermorphin  97,  119, 

DPDPE  140 
dynorphin  A  134,152 
endothelin  402, 404 
biotinylated  427 

enkephalin  aminopeptidase 

inhibitors  788 
a-factor  935 

fibrinogen  y-chain.  carboxy 
terminus  237 

fibrinogen  receptor 

antagonists  752,  75  , 
glucagon  439 
GnRH  33 

gramicidin  A  165  „  on  0, 
GRF  23,33.44,77.80,85 

GRP  63 
HIV-1  protease 
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peptidyl  epoxides  781 
transition  state  inhibitors  740 
HLA-DR1  binding  peptide  875 
insulin  60 

interleukin- 1/3  convertase. 

substrates  891 
LH  74 

a-mating  factor  899 
a-melanotropin  389 
metallothionein  1.  a  fragment  415 
morphiceptin  138.  154 
motilin  396 

neurokinin  A  antagonists  124 

neuromedin  U-8  132 

NPY  17,69.148,417,480 

PD- 134,308  779 

PLG  amide  757 

PTH  902 

PTHrP  902 

peptide  YY  136 

renin  inhibitors  749 

SK&F  107260  761 

somatostatin  3.  33 

TGFa  217.468 

thrombin  inhibitors  801.822. 

824 

TRH,  cyclopropane  analogs  219 
tyrosine  kinase  v-abi  substrates  851 
vasopressin  antagonists  122,763 
VIP  150 

Structure  determination 
see  Conformational  analysis. 
Circular  dichroism  and  Nuclear 
magnetic  resonance 
Substance  P  (SP) 
analogs  161,466 
antagonists  773 
fluoroolefin  mimics  161 
related  peptide,  mastoparan 
antagonist  466 
selective  analogs  773 
Subtilin  302 
Superantigens  839 
aa  Supersecondarv  structural 
motif  368 

Surface  mapping  of  peptides  580 
Symmetrically  disubstituted  amino 
acids  273.  276 


Synthesis 

see  also  Solution  peptide  synthesis  and 
Solid  phase  peptide  synthesis 
achatin-I  146 

African  swine  fever  virus,  p  1 2  protein 
peptides  719 
Aib  substitutions  437 
alanine  substitutions  402.  404. 

437 

2-alkoxv-5(47/)-oxazolones  564 
allylic  anchoring  groups  502 
amide-cvclized  peptides  795 
aminolvsis.  high  pressure,  of 
unactivated  esters  593 
amylin  66,441 
/3-amvloid  109.  129,  203 
angiotensin  II 
antagonists  386 
cyclic  analogs  257 
antithrombin  III.  heparin  binding 
site  420 

a-antitrypsin  analogs  795,  859 
apolipoprotein  amphipathic 
helix  348 

arginine.  Boc-protected 
derivatives  562 
asymmetric  amino  acids 

a.  /3-dimethylphenvlalanine  768 
/3-hydroxv-i -a-amino  acids  517 
Tic  768 

atrial  natriuretic  peptide 
analogs  921 

atrial  peptide-degrading  enzyme 
inhibitors  791 
AZT-conjugates  450 
benzhvdrvl  resin,  with  Fmoc  544 
biocatalvst  615 

biotinvlation  of  peptides  69,  72, 

427.’  734 

bis-cysteine  peptides,  as 
ionophores  917 
Boc-decomposition  542 
Boc/HOBt  versus  Fmoc/ 

HBTU  566 
Bom,  side  reactions  641 
bombesin  40.  42.  52 
Bordetella  pertussis  tracheal 
toxin  931 
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Synthesis  ( continued ') 
bradykinin 
agonists  398 
antagonists  113 
bromoacetyl-derivatized 
peptides  633 
Bum,  side  reactions  641 
calcitonin  20 

calcium  binding  peptides  209.181, 

235 

carba  dipeptide  bond 
surrogates  621 
/}-casomorphin  103 
cavitand  373 

CCK,  dipeptoid  antagonists  779 
CCK,  tryptophan-derived. 

antagonists  759 
CCK-4  100, 406 
CCK-7  408,  443,  456 
CG  74 

chemotactic  peptides  423.  425 
chiral  nonproteinaceous  a-ammo 
acids  515 

chvmotrypsin-catalyzed 
semisynthesis  549,615 
Cl-988  779 
cionin  analogs  474 
cu-conotoxin  159 
convergent  solid  phase  607 
copolymerization  of  acrylic  derivatives 
of  chymotrypsin  and  PEG  615 
coupling,  conformation 
dependent  589 

coupling  rates,  correlation  with  resin 
swelling  569 
CP-96.345  773 
crown  ether  containing  371 
g-CSF  peptides  454 
conjugation  to  KLH  and 
HSA  454 

cyclic  opioid  peptides  253,  255 
cyclolinopeptide  A  analogs  871 
cycloseptide  476 
cyclo[Xxx-Pro-Gly-Y  yy-Pro- 
Gly]  775 

cysteine-containing  peptides,  side 
reactions  576 

cytochrome  subunit,  N-terminus  472 


cytokine-induced  neutrophil 
chemoattractant  911 
deltorphin  140,  144 
deprotection,  conformation 
dependent  589 
dermorphin  97,  119.  154 
dicarba,  disulfide  mimetic  763 
didemnin  A.  N-acvl  analogs  919 
diethylglycine  containing 
peptides  273 
disulfide  bridges  159 
formation  in  DMSO  499 
DNA-binding  peptides  356,  358 
DPDPE  140 
dvnorphin  A  134.  152 
elastase.  human  neutrophil, 
inhibitors  803 
eledosin  674 
endothelin-1  402,404 
antagonists  808.812 
biotinylated  427 
enzyme-catalyzed  57,1  17.362. 
513.  549.615 

equine  infectious  anemia  virus 
protease,  total  chemical  71/ 

l9F-labeled  178 

feline  leukemia  virus  peptides  691 
fibrinogen  y-chain.  carboxyl 
terminus  237 
fibrinogen  receptor 

antagonists  657,  752,  755,  761 
fluorescent-labeled  400 
5-fluoroproline  818 
Fmoc  amino  acids,  use  in 
acid  chlorides  564 
2-alkoxy-5(4/f)-oxazolones  564 
Fmoc/HBTU  versus  Boc/ 

HOBt  566 

four-helix  bundle  329.  378 
glucagon  400 
glycopeptides  243,371.881 
enzymatic  645 
glycosylated  tyrosine  587 
gramicidin  A  165 
GRF  23.33.44.85.91 
growth  inhibitor  peptides  797 
GRP  63 

heat-stable  enterotoxin  295 
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Synthesis  (continued) 

310-helices  350 
nelix-nucleation  templates  352 
hemagglutinin  peptides  703 
heparin  binding  site,  antithrombin 
III  -120 

heparin  mimics  771 
hepatitis  B  core  antigen  723 
hepatitis  B  e  antigen  723 
high  pressure  aminolysis,  of 
unactivated  esters  593 
HIV  peptides  679,  685,  688.  699,  701 . 
707,  709,713,715,725,727,  729. 

736,  781,842,  845,847 
HIV-1  protease 
inhibitors  709,  727,  729.  740, 

781 

rigid  bicyclic  /3-turn  mimic 
containing  732 
substrates  713, 725 
total  chemical  705 
HO-Tic  containing  peptides  307 
hydrazides,  of  protected 
peptides  551 
ICAM-1  peptides  853 
IgE  receptor,  cytoplasmic 
domain  231 

immunoglobulin  G,  variable  region 
light  and  heavy  chains  849 
indolicidin  905 
influenza  hemagglutinin 
peptide  703 

influenza  M-protein  peptides  694 
insulin  26,  57,  60,  72,  88 
interleukin- 1/8  convertase, 
substrates  891 
laminin-like  peptides  925 
large  scale  657,  66 i  664,666,669, 
672,  674 
LH  74 

LHRII  antagonists  82 
light-directed  combinatorial  489 
lipidic  amino  acids 
conjugates  with 
cephalosporin  448 
penicillin  448 

heteroalkvl,  synthesis  of  452 
lipoMAP  847 
lipopeptides  185,448,450 


LY282056  799 
Ml 3  coat  protein  174 
MAP  845 
MARCKS  923 
a-mating  factor  899 
a-melanotropin  389 
mellitin  433 

metalloprotease  inhibitors  820 
metallothionein  I.  a  fragment  415 
mixotopes  842 
morphiceptin  138,  154 
mosquito  oostatic  hormone  927 
MUC-2  peptides  446 
mucin  peptides  446 
multivalent  ligands,  PVA 
attached  599 

neurokinin  A  antagonists  124 
neuropeptide  Y  17,69,417,480 
nucleocapsid 
HIV  745 
MoMuLV  745 
Octreotide  106 
on  BSA  637 
on  CAT  resins  571 
on  cellulose  paper  519 
on  Hycram  674 
on  hydrophilic  supports  597 
on  PAL-PEG-poiystvrene  685 
on  PEG-benzhvdrylamine  631 
on  PEG-polystryrene  358,  589,  603 
on  pins  468,  651 
on  Sasrin  resin  551,661 
on  Tentagel  resin  589 
oostatic  hormone  (mosquito)  927 
p2I  (ras),  farnesvlation 
inhibitors  933 

paired  helical  filament  peptides  109 
Paloc  643 

peptide  libraries,  synthetic  489, 

492,  560 
peptide  T  664 
peptide  YY  136 

phosphitylation/oxidation.  post¬ 
assembly  619 

phosphonopeptides  553, 609 
phosphopeptides  243.553.591, 

619,  649,  923 
PLG  amide  757 
Pmc  deprotection 
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Synthesis  (continued) 

by  TFA-trialkylsilane-methanol- 
EMS  6(3 

formation  of  hydroxyl  amino  acid- 
O-sulfonates  629 
polymeric  supports  with  allylic 
groups  502 
protease 

HIV-1,  rigid  bicvclic  /I-turn  mimic 
containing  732 
HIV-1,  total  chemical  705 
SIV  738 

protease  catalyzed  splicing  57.  1 17. 

362,513.549,615 
protected  peptide  fragments  525 
pseudodipeptides,  diastereomer-free 
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